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ABSTRACT 
 
Potassium-promoted iron oxide is the primary catalyst for dehydrogenating 
ethylbenzene to styrene. Due to an increasing demand for saving energy, there is a strong 
incentive to operate the reaction at reduced steam/ethylbenzene molar ratio, since a large 
amount of steam is used in the process. However, the catalyst experiences short-term 
deactivation under low S/EB conditions. Active site blocking by surface carbon and iron 
oxide reduction by either surface carbon or H2 are two possible deactivation mechanisms. 
However, the relative importance of these two mechanisms is not understood.  
It is very important to understand which deactivation mechanism dominates as 
different mechanism will lead to different development approaches. In this study, phase 
transitions of iron oxide based catalyst samples were investigated with TGA and XRD to 
understand the intrinsic deactivation mechanism. The effects of various promoters on 
iron oxide activity and stability were also studied. Hydrogen and carbon dioxide were 
utilized as the gas environment individually to avoid convolution of effects. 
Ethylbenzene was then applied to characterize the combined effects of hydrogen, carbon 
dioxide, and surface coke.  
Potassium efficiently increases the activity of iron oxide and its effect on phase 
stability was examined. The active potassium ferrite phase and potassium polyferrite, 
which has been considered a storage phase of potassium and iron (III), can be converted 
to each other when exposed to carbon dioxide or hydrogen. It was also found that the 
deposited surface carbon was a stronger reductant than hydrogen.  
xvii 
Other minor promoters are also used in dehydrogenation catalysts to enhance 
stability, enhance activity, or increase the styrene selectivity. Therefore, their effects on 
the catalyst were also examined in this study. Chromium, calcium, and cerium were 
found to have a positive effect on iron oxide stability, while vanadium and molybdenum 
had negative impacts on iron oxide stability. Activity enhancement could be achieved by 
doping with chromium, calcium, molybdenum, and cerium. Vanadium greatly reduced 
the activity of catalyst, since it inhibited formation of the active phase.  
 
 
 
1 
 
CHAPTER 1 
General Introduction and Literature Review 
 
1.1 Introduction 
Catalytic dehydrogenation of ethylbenzene (EB) to styrene was introduced in the 
1940s and currently accounts for about 85% of commercial production [1]. This 
endothermic and equilibrium-limited reaction is carried out primarily over iron oxide 
based catalysts in either an adiabatic or isothermal reactor with short contact time in order 
to prevent polymerization of the styrene. The reaction system is complicated. The major 
reaction is the dehydrogenation of ethylbenzene to styrene and hydrogen with 
ethylbenzene conversion of 65–70% and styrene selectivity of 90–97% [2]: 
 C6H5CH2CH3 ⇌ C6H5CH=CH2 + H2               ΔH=124.9 KJ/mol  
This reaction is described as a unimolecular Langmuir-Hinshelwood mechanism, 
where the reaction rate depends on the adsorption-desorption equilibrium of ethylbenzene 
and styrene [3-5]. The main byproducts are benzene (~1%) and toluene (~2%), which are 
produced by thermal degradation of ethylbenzene and catalytical hydrogenation of 
styrene, respectively [1, 6, 7]: 
 C6H5CH2CH3 → C6H6 + C2H4 
 C6H5CH=CH2 + 2H2→ C6H5CH3 + CH4  
Further degradation of ethylbenzene results in carbon formation on the surface of the 
catalyst: 
2 
 
 C6H5CH2CH3 → 8C + 5H2  
Since the reaction increases the number of moles and is highly endothermic, it is 
carried out at low pressure with excess steam (steam to ethylbenzene molar ratio ranges 
from 8 to 12). The excess steam (S) serves several functions [1, 8, 9]:  
• Lowers the partial pressure of ethylbenzene, shifting the equilibrium toward 
styrene and minimizing the loss due to thermal cracking 
• Supplies heat needed by the endothermic reaction 
• Removes the surface carbon by the carbon gasification reactions [10, 11] 
C + H2O → CO + H2 
CO + H2O → CO2 + H2  
• Keeps the iron oxide at a higher oxidation state 
 
1.2 Effect of Promoters 
Potassium is the most important promoter for iron oxide dehydrogenation catalysts. 
Commercially, potassium (K) is added into the iron oxide catalyst in the form of 
carbonate or oxide. It is generally believed to be a chemical promoter, which can improve 
the activity of the base iron oxide catalyst over an order of magnitude [9, 11-16]. 
Addiego et al. [17] found that the rate of styrene production maximized at ~10% 
potassium loadings while the activation energy was minimized at ~30% potassium 
loadings. 
The most important role of potassium is that potassium ions incorporate into the iron 
oxide lattice and form a potassium ferrite (KFeO2) phase on the surface  [18]. Muhler et al. 
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[10, 11] found the evidence for an active KFeO2 phase as the exposed surface of an active 
catalyst contained Fe3+ ions and K+ ions at a ratio of 1:1. This phase can be synthesized 
ex-situ synthesized and gives an olive green color, but it is unstable in an ambient 
environment. Hirano [18] proposed a scheme for the formation and decomposition of this 
phase: 
 K2CO3 ⇌ K2O + CO2  
 K2O + Fe2O3 → K2Fe2O4 
 K2Fe2O4 + CO2 → K2CO3 + Fe2O3  
A core and shell model was proposed by Muhler et. al. [19] for the in-situ formation 
of KFeO2, using results from lattice imaging and microdiffraction methods. It appears 
that initial activation of the catalyst involves the formation of the KFeO2 active surface 
phase and bulk Fe3O4 and K2Fe22O34 phases when the catalyst is exposed to a S/EB feed 
flow. K2Fe22O34 is speculated as the storage phase of potassium and iron (III) ions. Due 
to the loss of potassium ions and the reduction of iron on the surface, the storage phase 
supplies potassium and iron (III) ions to the surface to maintain the activity of the catalyst. 
The catalyst loses its activity when the K2Fe22O34 phase is depleted and needs to be 
replaced. 
Potassium also acts as a catalyst for the surface carbon gasification reaction [18, 20-
25]. The amount of carbon deposited depends on several factors. Low steam to EB molar 
ratio and high reaction temperature causes more severe surface carbon deposition. The 
reason choosing potassium as the promoter and not the other alkali metals has been 
discussed by Mross et al. [25] and Meima et al. [24]. Under reaction conditions, the bulk 
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of the iron oxide catalyst exists in the form of Fe3O4 (magnetite). The smaller Li+ ion is 
easier to migrate into the magnetite lattice, which then is no longer available on the 
surface. Bigger ions such as Cs+ are readily available on catalyst surface. However, the 
Cs+ is so active that it has potential to gasify the styrene directly to CO2. 
Other promoters such as Cr, V, Ca, Mo , and Ce  have been added at minor loading 
levels for various purposes [6, 11, 18]. Among these promoters, Cr and V were 
historically used but were abandoned in later catalysts for various reasons. Cr is 
commonly added in the catalyst as a textural promoter which is believed to stabilize the 
high surface area of the active phase [26]. Muhler et al. [19] suggested that Cr could also 
incorporate into iron oxide lattice and therefore change its structure to avoid being 
reduced by H2. V was added to enhance the catalytic selectivity to styrene. However, it 
damages the stability of the catalyst [11]. 
 
1.3 Catalyst Deactivation 
As indicated previously, excess steam is used in the process of ethylbenzene 
dehydrogenation, so there is great economic incentive to lower the S/EB molar ratio. 
Based on a plant with 500,000 ton per year styrene capacity, decreasing 1 mol of steam 
per mol of ethylbenzene could result in a cost saving of $1.7 million per year [2]. 
However, significant catalytic activity loss occurred when operating under low S/EB 
molar ratio condition, as shown in Fig. 1.1 [27, 28]. The adiabatic pilot-plant 
performance data were provided by Shell Co. for the performance of a standard 
commercial catalyst. The reaction started with S/EB molar ratio of 12 and steady state EB 
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conversion was recorded. The S/EB molar ratio was then gradually reduced and steady 
state EB conversion value was recorded at each stage. The linear decrease of conversion 
from S/EB=12 to S/EB=8 is an equilibrium effect due to the increase of hydrocarbon and 
hydrogen partial pressures. When the S/EB molar ratio decreases below 8, an inflection 
followed by a faster activity decrease is observed, which might indicate the initiation of 
catalyst deactivation. Therefore, developing catalysts with high tolerance to low S/EB 
molar ratio is desirable. 
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Fig. 1.1 Ethylbenzene steady state conversion under reaction condition. 
 
The catalyst deactivation occurs in two possible ways [4, 5, 8, 13, 29]. Long-term 
deactivation happens due to the loss of potassium ions from the surface and sintering of 
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the catalysts [5, 16, 18, 21, 30]. Muhler et. al. [11] pointed out that due to low levels of 
volatilization of the potassium was slowly transported with the gas stream and then left 
the catalyst bed. In addition, the potassium ion migrates into the pellet, which creates a 
potassium depleted surface and potassium rich core thereby leading to the deactivation of 
the catalyst. This long-term deactivation is irreversible and the catalyst needs to be 
replaced every one to two years. In this situation, the reactor inlet temperature is 
gradually increased in order to maintain a constant conversion of EB due to the catalyst 
aging. In addition, other studies suggested the formation of KCl with chloride ion (Cl-) in 
the feed steam as another deactivation mechanism [11, 19, 24]. This KCl is speculated 
not to reside on the catalyst surface, but typically moves with the product stream and 
hence diminishes the potassium content in catalyst. 
In addition, the catalyst is poisoned by carbon dioxide (CO2), which is generated by 
the direct degradation of EB as shown previously or by the deposited carbon through the 
following gasification reactions. 
 C + H2O → CO + H2 
 CO + H2O → CO2 + H2  
It has an important effect on the catalyst stability by destroying the actual active 
phase KFeO2 [18]. By treating with pure steam at reaction temperature, this short term 
activity loss can be partially recovered. 
Short-term deactivation could take place through hydrogen/carbon reduction and 
competitive blockage of active sites by carbon deposition as schematically described in 
Fig. 1.2 [28]. Several factors affect the amount of carbon deposition on the surface of the 
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catalyst. Important ones are S/EB molar ratio and reaction temperature. Lower S/EB 
molar ratio and higher temperature lead to higher carbon deposition [21]. Both of them 
lead to apparent observation of activity loss due to active site loss. With the demand of 
operating reaction at low S/EB environment, a more robust catalyst needs to be 
developed. Therefore, it is essential to understand which mechanism dominates the 
catalyst deactivation because different deactivation mechanism leads to different 
synthesis approach.  
 
 
Fig. 1.2 Schematic of short-term deactivation mechanisms [28]. 
 
1.4 Project Objectives 
Steam prevents the reduction of iron oxide and gasifies the catalyst surface carbon 
simultaneously. Therefore, decreasing the S/EB molar ratio increases both the reduction 
of iron oxide and carbon deposition on the catalyst surface. As such, each is potentially 
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important factor causing catalyst deactivation [17, 19, 31]. However, the relative 
importance of these two mechanisms is not entirely clear, since either mechanism leads to 
the same phenomenological observation of activity loss. To guide the development of a 
better catalyst capable of operating under low S/EB condition, it is essential to understand 
which mechanism dominates the activity. Therefore, it would be very helpful to 
understand the catalyst deactivation by decoupling the mechanisms and studying them 
separately. 
In this study, we explored the phase behaviors of the iron oxide system at reaction 
temperature by thermogravimetric analysis (TGA) and x-ray powder diffraction (XRD). 
Due to the complexity of the reaction system and the catalyst itself, all samples have been 
exposed to different gas phase environments including H2, CO2, EB, and steam. The 
second chapter characterizes the phase behaviors of the simplest iron oxide system 
including unpromoted iron oxide (α-Fe2O3), active phase KFeO2, storage phase 
K2Fe10O16/ K2Fe22O34, and potassium promoted iron oxide (K-Fe2O3). Their stability and 
activity have been investigated and a possible deactivation mechanism has been proposed. 
The third chapter mainly addresses the effects of Cr and V promotion towards stability 
and activity of iron oxide. These historically used promoters, which have known and 
opposite effects on iron oxide catalyst stability and activity, were added in addition to K. 
Experiment results were compared to historical observations and connection between the 
phase changes and the effects of promoters were established. The fourth chapter 
investigated the phase behaviors of iron oxide samples promoted with modern promoters 
using Ca, Mo, and Ce. Their effects on iron oxide stability and activity were also 
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discussed. The fifth chapter presents the general conclusions and recommends future 
research. 
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CHAPTER  2 
Stability and Phase Transitions of Potassium-Promoted Iron Oxide in Various Gas 
Phase Environments 
A paper published in Applied Catalysis A, General1 
 
Abstract 
Potassium-promoted iron oxide dehydrogenation catalysts are the primary catalysts 
used for producing styrene. In this process, a large amount of steam is used and for 
economic reasons it is desirable to be able to operate at lower steam/ethylbenzene molar 
ratios without creating severe short-term deactivation. To address this issue, it is essential 
to understand how the catalyst deactivates. In this study, the stabilities of α-Fe2O3, K-
Fe2O3 (10 wt% K+), KFeO2 (30 wt% K+), and a potassium polyferrite mixed phase 
(K2Fe10O16/K2Fe22O34) were investigated in different gas phases including H2, CO2, and 
ethylbenzene. The effect of simultaneous steam addition was also considered. 
Thermogravimetric analysis and X-ray powder diffraction were used to monitor sample 
weight variation and phase change, respectively. α-Fe2O3 and K2Fe10O16/K2Fe22O34 were 
stable in CO2 but not stable in H2. KFeO2 was resistant to H2 but easily decomposed by 
CO2. K-Fe2O3 was adversely impacted by both H2 and CO2. The results suggest that the 
reduction of the iron oxide in this system was mainly caused by surface deposited carbon 
                                                            
1 Reprinted with Permission of Appl. Catal., A 354 (2009), 50-56. 
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instead of H2. A transformation diagram is proposed for the phase changes of potassium-
promoted iron oxide materials in the reaction-relevant gas phase conditions. 
 
2.1 Introduction 
Catalytic dehydrogenation of ethylbenzene (EB) to styrene was introduced in the 
1940s and currently accounts for about 85% of commercial styrene production [1]. The 
reaction is carried out primarily over iron oxide-based catalysts in adiabatic or isothermal 
reactor systems with the reaction temperature maintained from 570 to 650 ºC and the 
operating pressure held below atmospheric pressure [1-3]. Excess steam (S to EB molar 
ratio ranging from 8 to 10) is used in the process for several reasons: (1) shifting the 
equilibrium toward styrene; (2) supplying heat for the endothermic reaction; (3) 
removing surface deposited carbon; (4) keeping the catalyst in its active state [4, 5]. To 
further improve process economics there is incentive to operate the reaction at lower 
S/EB molar ratios. However, severe catalyst deactivation occurs when operating the 
dehydrogenation catalysts at these lower ratios. Therefore, low S/EB operation will 
require the development of a more robust catalyst. 
It has been proposed that the deactivation at low S/EB could be caused by either 
reduction of the iron oxide or surface carbon deposition [6, 7]. Lowering the S/EB ratio 
increases both the reduction of iron oxide and carbon deposition on the catalyst surface 
[8], but the relative importance of these two mechanisms towards catalyst activity is still 
not clear. To guide the development of a catalyst capable of operation at lower S/EB 
conditions, it is essential to understand which mechanism controls the activity loss since 
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the catalyst synthesis approach would be different to overcome the different deactivation 
mechanisms. 
The dehydrogenation of EB to styrene is operated commercially with an EB 
conversion of 65–70% and styrene selectivity of 90–97%  [9]. 
 C6H5CH2CH3 ⇌ C6H5CH=CH2 + H2           ΔH = 124.9 kJ/mol 
Major byproducts of the reaction are benzene (~1%) and toluene (~2%), which are 
produced by thermal degradation of EB and catalyst-mediated conversion of styrene, 
respectively [10-12]. 
 C6H5CH2CH3 → C6H6 + C2H4 
 C6H5CH=CH2 + 2H2 → C6H5CH3 + CH4 
Further degradation of EB results in carbon formation on the surface of the catalyst. 
 C6H5CH2CH3 → 8C + 5H2 
The water–gas shift reaction removes carbon from the surface of the catalyst and 
generates carbon dioxide. 
 C + H2O → CO + H2 
 CO + H2O → CO2 + H2 
Therefore, the catalyst is exposed to a complex gas environment under reaction 
conditions, which complicates characterization of the catalyst deactivation. 
The catalyst itself is also complex as solid-state transformation, iron oxide reduction, 
and surface carbon accumulation can simultaneously occur. Additionally, various 
promoters are added to the iron oxide for different purposes, among which potassium is 
the most the important. The inclusion of potassium was found to improve the activity of 
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iron oxide in the EB dehydrogenation reaction by over an order of magnitude [13, 14]. 
This activity increase appears to be caused by potassium ion incorporation into the iron 
oxide lattice forming a potassium monoferrite phase (KFeO2), which is widely accepted 
to be the active phase [15-17]. The presence of this phase was indicated from the 
determination of the existence of Fe3+ and K+ at a ratio of 1:1 at the active catalyst 
surface [17]. Addiego et al. [2] found that the activation energy of the reaction was 
minimized at ~30 wt% potassium loading, which also suggested existence of KFeO2. In 
addition to the KFeO2 active phase, Muhler et al. [16] found that a potassium polyferrite 
phase K2Fe22O34 could form in the catalyst bulk intergrown with magnetite (Fe3O4). This 
ferrite phase was proposed to serve as a storage of K+ and Fe3+ ions, which could be 
provided to the catalyst surface to maintain the catalyst activity. Finally, potassium also 
acts as a catalyst for the surface carbon gasification reaction [18, 19]. 
The complexities of both the reaction environment and the chemical state of the 
catalyst under reaction conditions create a significant challenge for understanding low 
S/EB operation. The focus of the current study is to characterize the stability of 
potassium-promoted iron oxide under different gas phase environments. To simplify the 
system, only potassium was used as a promoter in this study even though commercial EB 
dehydrogenation catalysts also incorporate additional promoters. 
 
2.2 Experimental 
The experimental samples were prepared using hematite (α-Fe2O3) and potassium 
carbonate (K2CO3) that were provided by Shell Chemicals. Additionally, maghemite (γ-
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Fe2O3), magnetite (Fe3O4), wustite (FeO), and iron powder (Fe) were used as references 
for quantitative XRD calculations. EB, with a purity of 99.8%, was used as purchased 
from Sigma–Aldrich Corporation. The steam used in the studies was from de-ionized 
water. 
Samples included in the study were unpromoted iron oxide (α-Fe2O3), ex situ 
synthesized KFeO2, the potassium polyferrite mixture K2Fe10O16/K2Fe22O34, and an 
industrial-like sample of K-Fe2O3, with 10 wt% potassium loading. The synthesis 
procedures for these materials have been described previously [20]. The unpromoted iron 
oxide sample, which was treated by direct calcination of hematite in air at 800 ºC for 3.5 
h, was used as a baseline comparison to determine the impact of potassium promotion. 
The K-Fe2O3 (10 wt% K+ loading) was prepared by mixing 17.7 wt% K2CO3 and 82.3 
wt% Fe2O3 followed by calcinations in air at 800 ºC for 3.5 h. KFeO2 (30 wt% K+ 
loading) was prepared by mixing 53 wt% K2CO3 and 47 wt% Fe2O3 followed by the 
same calcination procedure as above. This material, which is olive green, is very unstable 
in the ambient atmosphere due reaction between the KFeO2 and carbon dioxide and water 
vapor forming carbonate potassium hydrate (K2CO3·1.5H2O) [15, 20]. Therefore, the 
sample was stored in a vacuum desiccator and used in the study soon after its generation. 
X-ray powder diffraction (XRD) and the color indication were used to validate that the 
sample remained KFeO2 prior to use. 
The potassium polyferrite mixed phases (K2Fe10O16/K2Fe22O34) have similar 
hexagonal structure and unit cell dimensions. The sample was prepared by mixing 17.7 
wt% K2CO3 and 82.3 wt% hematite in 1 ml of de-ionized water. The sample was then 
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allowed to dry in oven at 90–105 ºC for 1 h. The dried mixture was then reground 
followed by calcination in air at 1100 ºC for 7 h. The XRD pattern of the sample clearly 
indicated a mixture of the two potassium polyferrite phases, as shown in Fig. 2.1.  
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Fig. 2.1. XRD pattern for the K2Fe10O16/K2Fe22O34 sample. 
 
The experiments were performed in a Perkin Elmer TGA 7 with a detailed system 
diagram given in Fig. 2.2. A standard sample size of about 20 mg was used. The reaction 
temperature was set at 630 ºC with a reaction time of 4 h. A gas flow rate of 16 ml/min 
was used for the experiments with ultra-high purity N2 gas used as the carrier gas. The 
reactant gases used were H2 from a 12 mol% H2/N2 mixture for the H2 and S/H2 
experiments and CO2 as a 95% purity gas for the CO2 and S/CO2 experiments. When 
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used, the partial pressures of the H2 and CO2 were 0.04 atm. For the EB and S/EB 
experiments, water and EB were introduced into the furnace by syringe pumps through 
capillary tubing with flow rates of 0.0028 mol/h and 0.0016 mol/h (corresponding to 0.04 
atm of EB), respectively. The flow rates of water and EB were chosen so that both the 
ST/H2 and ST/EB runs were performed at a molar ratio of 1.7. The liquids were 
vaporized immediately upon entering the furnace and prior to exposure to the sample. 
 
Fig. 2.2. Reaction system setup for the reduction studies. 
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A Siemens D500 X-ray diffractometer with a Cu Kα radiation source was used to 
characterize the phases present in the samples. To minimize sample exposure, a scanning 
range from 25º to 50º was used, since most of the samples had their major peaks in this 
range. The dwell time was 2 s and step size was 0.03. Silicon was added to the samples to 
correct for peak shift resulting from sample plate skew by comparing the acquired peak 
position with the known Si peak position. Also, Si incorporation allowed for the 
calculation of quantitative XRD (QXRD) by serving as an internal standard as described 
in following equation: 
 ( ) ( )( )Sisi Si Si Si1p p rp t p rt rr
WI WIW
I I W W
⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ −⎝ ⎠ ⎝ ⎠⎝ ⎠
 
where r and t represent the reference sample and test sample, respectively, W represents 
weight fraction of each phase, I represents the intensity of each phase, and p represents 
the phase to be quantified. 
 
2.3 Results and discussion 
2.3.1 Hydrogen environment 
Shown in Fig. 2.3 are the thermogravimetric (TG) curves for iron oxide materials 
exposed to a hydrogen partial pressure of 0.04 atm. Hematite yielded a continuous weight 
loss and after the 4-h experiment, hematite, magnetite, and iron metal were observed in 
the final sample. In contrast, KFeO2 was stable in the H2 environment as no significant 
weight loss was detected and KFeO2 was the only crystalline phase that was detected in 
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the final sample. For the K2Fe10O16/K2Fe22O34 sample, an initial rapid weight loss was 
observed for about 180 min, which was followed by a very slow weight loss. Analysis of 
the final sample showed the presence of maghemite, magnetite, iron metal and KFeO2.  
The behavior of K-Fe2O3 was very similar to that of the potassium polyferrite material. 
The extent of the weight decrease was also close to that of the polyferrite mixture, which 
correlates with the fact that they had the same iron oxide weight fractions in their 
respective fresh samples. 
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Fig. 2.3. TG curves for the iron oxide-based materials under a H2 environment (T = 630 
ºC). 
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To better understand the reduction process, separate TGA experiments were 
performed that were stopped at the specific transition points numbered 1–6 as indicated 
in Fig. 2.3. These samples were removed from the TGA and analyzed. No observable 
reduction was detected at points 1, 3, or 5. For the hematite and KFe2O3 samples (points 
1 and 5), only excess oxygen was removed and in K-Fe2O3 the hematite phase had 
transformed to maghemite [21]. It is interesting to note that at point 5, the hematite in the 
KFe2O3 samples had already been completely transformed to maghemite while only 
hematite was still observed at point 1 with the hematite sample. Therefore, the presence 
of potassium actually accelerated the transformation of hematite to maghemite [20]. For 
the potassium polyferrite sample at point 3, the starting phase had completely 
decomposed to γ-Fe2O3 and KFeO2 and it had the same composition as the K-Fe2O3 
sample at point 5. At points 2, 4, and 6, respectively, magnetite was observed in all three 
samples indicating the onset of reduction. Further exposure to H2 until the end of the 240 
min run led to the reduction of a portion of the magnetite to iron metal. 
 
Table 2.1. QXRD results with H2 at 630 ºC for 240 min. 
Sample α-Fe2O3 (wt%) 
γ-Fe2O3 
(wt%) 
Fe3O4 
(wt%) 
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%) 
α-Fe2O3 39 0 25 0 36 0
KFeO2 0 0 0 0 0 100
K2Fe10O16/K2Fe22O34 0 16 17 0 22 45
K-Fe2O3 0 23 12 0 22 43
 
The QXRD results for the samples at the end of the 4-h experiments are given in 
Table 2.1. The phase compositions for the potassium polyferrite and K-Fe2O3 samples 
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were essentially equivalent indicating that pre-formation of the ferrite phase had no 
impact on the resulting reducibility of the iron oxide. If the KFeO2 phase was excluded in 
these samples and the remainder of the iron oxide phases scaled to 100%, the 
composition would be 40 wt% maghemite, 21 wt% magnetite, and 39 wt% iron metal, 
which was similar to that found for the hematite sample. Therefore, it appeared that the 
iron oxide that was bound in the in situ formed KFeO2 phase was not reduced as was 
found in the pure KFeO2 sample, but the unbound iron oxide reduced similarly to the K-
free hematite. 
 
2.3.2 Carbon dioxide environment 
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Fig. 2.4. TG curves for the iron oxide-based materials under a CO2 environment (T = 
630oC). 
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Carbon dioxide is present in the EB dehydrogenation reaction system primarily due 
to the continuous gasification of surface carbon. Several EB dehydrogenation reaction 
studies have shown that adding CO2 into the reactant feed caused reversible short-term 
deactivation and that this deactivation could be restored by removing the CO2 from the 
feed [3, 15]. The effect of CO2 in the gas phase was examined using similar conditions to 
that used for H2 experiments. The TG curves for these experimental runs are given in Fig. 
2.4.  
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Fig. 2.5: XRD pattern of K2Fe10O16/K2Fe22O34 after CO2 exposure for 4 hours. 
 
As indicated by the TG curves, the hematite sample was stable in CO2 environment 
whereas the KFeO2 sample had a large weight gain (about 12.9 wt%). Analysis of the 
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K2Fe10O16/K2Fe22O34 sample found these mixed phases were stable in CO2, as shown in 
Fig. 2.5. Since the total amount of each of the potassium polyferrite phases could not be 
independently quantified, the small weight increase observed for K2Fe10O16/K2Fe22O34 
was likely due to excess potassium that had not been incorporated into either of these 
phases during the sample preparation. Since a known amount of potassium was added 
during the sample preparation, the amount of excess potassium that would be present if 
only a pure K2Fe10O16 or K2Fe22O34 phase had been synthesized could be calculated and 
the expected weight gain determined if the resulting excess potassium was all converted 
to potassium carbonate during the CO2 experiment. These calculations are shown in 
Table 2.2. The weight increase observed for the K2Fe10O16/K2Fe22O34 sample was 1.2 
wt%, which would correspond to 2.3 wt% excess potassium in the fresh sample. This 
excess potassium content is between the values that would be obtained for the pure 
K2Fe10O16 and K2Fe22O34 phases, which further supports the XRD result that the 
potassium polyferrite sample was a mixed phase material. The weight gain for the K-
Fe2O3 sample relative to that of the KFeO2 sample was consistent with the 10 wt% 
potassium level present in the sample. 
 
Table 2.2. Theoretical and experimental weight increase for the K2Fe10O16/K2Fe22O34 
sample. 
Sample Excess K+ in Sample (wt%) Weight Increase (wt%) 
K2Fe10O16 1.2 0.7 
K2Fe22O34 5.8 3.0 
K2Fe10O16/K2Fe22O34 2.3 1.2 
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Fig. 2.6. XRD of KFeO2 after CO2 exposure for 4 h. 
 
Previously, Hirano proposed a formation and decomposition scheme for the KFeO2 
phase [13]: 
K2CO3 ⇌ K2O + CO2 
K2O + Fe2O3 → K2Fe2O4 
K2Fe2O4 + CO2 → K2CO3 + Fe2O3 
However, the XRD analysis of the KFeO2 sample after exposure to the CO2 
environment, as seen in Fig. 2.6, appeared to suggest a different reaction scheme. No iron 
oxide phase was observed and instead the K2Fe10O16 and potassium carbonate hydrate 
(K2CO3·1.5H2O) were found. Since no steam was used in the experiment and the hydrate 
should not form at the elevated temperature in the experiment, the hydrate was likely 
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formed by the potassium carbonate absorbing water during the sample handling from the 
TGA to the desiccator. The results from this experiment suggest that the overall KFeO2 
phase decomposition in the presence of CO2 yields the following reaction stoichiometry:  
10KFeO2 + 4CO2 → 4K2CO3 + K2Fe10O16 
This reaction stoichiometry was confirmed as given in Table 2.3. If the 
decomposition of KFeO2 followed the Hirano scheme and all of the potassium was 
transformed to K2CO3, the total weight increase should be about 17 wt%. However, if the 
potassium polyferrite formation occurred with the excess potassium converted to 
potassium carbonate, the weight increase would be about 13.5 wt%, which was closer to 
the experimentally observed value. Results for the K-Fe2O3 sample further confirmed the 
polyferrite formation mechanism. 
 
Table 2.3: KFeO2 decomposition stoichiometric comparison. 
 Hirano Mechanism 
Polyferrite 
Reaction 
Experiment 
Results 
KFeO2 (wt% increase) 16.9 13.5 12.9 
K-Fe2O3 (wt% increase) 6.1 4.9 5.1 
 
2.3.3 Ethylbenzene environment 
The gas phase environment created upon addition of EB was more complex than 
with H2 or CO2, since the reaction system could contain H2, CO2, and hydrocarbons and 
surface carbon due to reaction of the EB. Therefore, the samples could experience both 
H2 reduction and carbon deposition. The TG curves for this gas phase environment are 
shown in Fig. 2.7. 
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Hematite exhibited a weight loss that was slower than the rate seen in the H2 
environment. This result was reasonable as the EB was introduced at the same partial 
pressure as H2, but the EB conversion was likely not high enough to create a comparable 
H2 partial pressure. Therefore, the EB experiment created a less hydrogen reducing 
environment. 
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Fig. 2.7. TG curves for the iron oxide-based materials at 630ºC under an EB environment. 
 
The weight increase observed for the KFeO2 sample was similar to that seen in the 
CO2 experiment. However, under the EB environment the sample at the end of the 4 h 
was found by XRD analysis to consist of potassium carbonate, magnetite, and iron metal. 
Given the significant reduction that was observed, the weight gain must have been due to 
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both the formation of potassium carbonate and surface carbon. Since no CO2 was added 
to the reaction system, the oxygen present in the potassium carbonate must have been 
supplied by the reduction of the iron oxide. KFeO2 was found not to be reduced by H2 as 
discussed above, so carbon from EB decomposing on the sample must have initiated 
reduction of KFeO2. The reduction once initiated would create CO2 that would then 
decompose the KFeO2 phase. It is notable that that the increase in weight for the KFeO2 
is slower in the EB environment than the CO2 environment, which would be consistent 
with the reduction-initiated formation of CO2. 
The K2Fe10O16/K2Fe22O34 sample was not stable when exposed to ethylbenzene. A 
reduction in weight was observed through the first 160 min, but then a substantial 
increase in weight occurred. At the end of EB experiment, the sample was found to have 
been largely reduced to iron metal indicating that the increase in weight was likely due to 
formation of surface carbon.  
As with the hematite sample, K-Fe2O3 was also found to have an overall weight 
decrease in experiment. However, despite the lower weight loss measured for K-Fe2O3, 
this sample was significantly more reduced at the end of the experiment than was the 
hematite. Even correcting for the formation of potassium carbonate in the K-Fe2O3 
sample, the TG curve of K-Fe2O3 still had less weight loss than hematite curve, which 
suggested that a larger amount of surface carbon had accumulated on the K-Fe2O3 sample. 
The efficacy of surface carbon as a reducing agent in potassium-promoted iron oxide 
materials has been reported by Shekhah et al. [5]. In that work, potassium was reported as 
being effective in preventing surface carbon accumulation from EB even in the absence 
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of steam, which then decreased the extent of iron oxide reduction. By contrast, the 
potassium-promoted iron oxide in the current work was much more reduced than the 
unpromoted iron oxide sample when exposed to EB in the absence of water. 
The QXRD results for the hematite, K2Fe10O16/K2Fe22O34, and K-Fe2O3 samples at 
the end of the EB experiments are shown in Table 2.4. The KFeO2 sample contained a 
large amount of K2CO3·1.5H2O and no other crystalline phases, so it was not included in 
the QXRD analysis. The hematite was found to have a very different composition at the 
end of the EB experiment than at the end of the H2 experiment. In particular, a significant 
amount of wustite was observed under the EB environment and none of this phase was 
observed under the H2 environment. The K2Fe10O16/K2Fe22O34 and K-Fe2O3 samples 
were found to be significantly more reduced in the EB than the H2 environment. 
Undoubtedly, the H2 partial pressure was lower in the EB experiment, since any H2 had 
to have resulted from conversion of the EB. However, surface carbon was created by the 
EB conversion, so this higher level of reduction indicated an important role for surface 
carbon in the reduction of the iron oxide. 
 
Table 2.4. QXRD results with EB at 630ºC for 240 minutes. 
Sample α-Fe2O3 
(wt%) 
γ-Fe2O3 
(wt%) 
Fe3O4 
(wt%) 
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%) 
α-Fe2O3 18 8 7 64 3 0 
K2Fe10O16/K2Fe22O34 0 0 14 0 86 0 
K-Fe2O3 0 0 7 0 93 0 
 
To better elucidate the transformations occurring in the EB experiments, the TGA 
experiments were re-run but stopped and analyzed at the 4 points labeled in Fig. 2.7. No 
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reduction of the hematite was observed at point 1 as the sample only contained hematite 
and maghemite. The initial weight loss for this material must have been due to loss of 
excess oxygen from the sample. It is interesting to note that maghemite and wustite were 
both observed in the reduction of hematite in the EB environment, but neither of these 
phases was ever seen in the hematite reduction in H2. At point 2 with the KFeO2 sample, 
the material was found to consist of maghemite, magnetite, wustite, iron metal, and 
potassium carbonate, so KFeO2 had completely decomposed likely due to in situ 
generation of CO2. The primary phases present in the K2Fe10O16/K2Fe22O34 sample at 
point 3 were maghemite and KFeO2 with a trace of magnetite. As expected, the K-Fe2O3 
sample at point 4 had similar composition to K2Fe10O16/K2Fe22O34 at point 3, since the 
potassium polyferrite material was found to rapidly decompose to maghemite and KFeO2 
in the H2 experiment discussed above. 
 
2.3.4 Steam introduction 
To better elucidate the role of water in the reduction process, mixed gas phase 
experiments were performed in which water was present. Water was added into the 
reactor system through a second syringe pump together with the reactants used in the 
previous set of experiments. A flow rate of 0.05 ml/h was used so that the steam/H2, CO2, 
or EB molar ratio was 1.70. 
As seen in Fig. 2.8, all of the samples reached steady-state weight values within 20 
min. No reduction was found for any of the four materials at the end of the 4-h 
experiments, so steam could mitigate the effect of H2 reduction at the molar ratio used in 
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this experiment. The initial weight loss observed for all but the KFeO2 was attributed to 
the loss of excess oxygen from the samples. The compositions of the K-Fe2O3 and 
K2Fe10O16/K2Fe22O34 samples were identical at the end of the run consisting of γ-Fe2O3 
and KFeO2. In contrast the hematite sample did not undergo any phase transformation 
during the S/H2 experiment, so as seen in the H2-only experiment the introduction of 
potassium facilitated the transformation of hematite to maghemite. 
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Fig. 2.8 TG curvesfor the iron oxide-based materials at 630 ºC under S/H2 = 1.70 
environment. 
 
The behaviors of all four samples in the S/CO2 environment were similar to that in 
the pure CO2 environment. The only difference was that the carbonation process occurred 
much faster in the S/CO2 than the CO2 environment. A possible explanation for this 
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steam-facilitated carbonation was that potassium might form a thin layer of potassium 
hydroxide on the surface in presence of steam, which was more susceptible to reaction 
with CO2 [13]. Also, the presence of water may have increased the acidity of the CO2, 
which could accelerate the reaction with potassium.  
Despite the low S/EB molar ratio used, these experiments more closely resemble the 
gas phase conditions that would be present under standard EB dehydrogenation reaction. 
These results were more complicated because the samples could lose weight due to 
reduction of the iron oxide or gain weight due to either potassium carbonate formation or 
accumulation of surface carbon. Therefore, the TG curves provided limited information 
without the accompanying XRD. 
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Fig. 2.9. TG curves for the iron oxide-based materials at 630 ºC under S/EB = 1.70 
environment. 
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The TG curves for this experimental condition are shown in Fig. 2.9 and the QXRD 
at the end of runs are shown in Table 2.5. The analysis of the KFeO2 sample is not shown 
in Table 2.5 because the low level of crystallinity observed made the quantification of the 
final phases problematic. Qualitatively, the only phases observed with this sample after 
240 min were γ-Fe2O3, Fe3O4, and K2CO3. No K2Fe10O16/K2Fe22O34 was observed in any 
of the used samples. 
 
Table 2.5: QXRD results with S/EB = 1.70 at 630oC for 240 minutes.  
Sample α-Fe2O3 
(wt%) 
γ-Fe2O3 
(wt%) 
Fe3O4 
(wt%) 
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%) 
α-Fe2O3 59 0 41 0 0 0 
K-Fe2O3 0 98 2 0 0 0 
K2Fe10O16/K2Fe22O34 0 49 51 0 0 0 
 
The behaviors of the K-Fe2O3 and hematite samples were different when exposed to 
the S/EB environment. In the EB-only environment, the hematite sample was found to 
have less reduction than the K-Fe2O3 sample. However, in the S/EB environment, the K-
Fe2O3 was significantly less reduced than the hematite, as the K-Fe2O3 only had 2 wt% 
magnetite in the used sample while hematite had 41 wt% of the reduced magnetite phase. 
It is possible that this difference in reduction behavior could be related to surface carbon. 
The higher catalytic activity that would be created by the incorporation of potassium 
would increase the amount of carbon being formed on the surface. This surface carbon 
could serve to increase the iron oxide reduction. Without the presence of water, the 
surface carbon would not be gasified, and therefore would lead to more reduction in the 
K-Fe2O3 sample. In the presence of steam, the potassium would enhance the surface 
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carbon gasification leading to a decrease in iron oxide reduction. This postulate is in 
agreement with the results of Shekhah et al. [5] on model catalyst thin films. They found 
a much lower amount of surface carbon buildup on the surface of a potassium-promoted 
catalyst than on an unpromoted one. The lack of surface carbon gasification might be the 
reason for the higher degree of reduction seen with the hematite sample, which is 
consistent with the fact that no hematite reduction was observed in the S/H2 or S/CO2 
environment. 
 
2.4 Summary and conclusions 
A summary of the stability of the hematite, K-Fe2O3, KFeO2, and 
K2Fe10O16/K2Fe22O34 under the different gas phase environments is given in Table 2.6. 
 
Table 2.6: Summary of stability of hematite, KFeO2, K2Fe10O16/K2Fe22O34, and K-Fe2O3 
samples under different environments. (Solid transformation from hematite to maghemite 
is considered as stable)  
 α-Fe2O3 K-Fe2O3 KFeO2 K2Fe10O16/K2Fe22O34
H2 Unstable Unstable Stable Unstable 
CO2 Stable Unstable Unstable Stable 
EB Unstable Unstable Unstable Unstable 
S/H2=1.70 Stable Stable Stable Unstable 
S/CO2=1.70 Stable Unstable Unstable Stable 
S/EB=1.70 Unstable Unstable Unstable Unstable 
 
Hematite was found to be stable in either in S/H2 or S/CO2 environments when the 
molar ratios were 1.7. However, hematite was not stable in the S/EB = 1.70 environment. 
The H2 partial pressure created by dehydrogenation of EB in the reaction system could 
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not exceed the initial EB partial pressure, so the surface carbon must be involved in the 
iron oxide reduction process. This result was supported by earlier H2 TGA reduction 
experiments in which the reduction of hematite to magnetite required a S/H2 molar ratio 
of 0.10 before reduction commenced [20]. 
Only KFeO2 was found to be resistant to hydrogen reduction. However, this phase 
had no resistance to CO2 at the reaction temperature as it decomposed to potassium 
carbonate and K2Fe10O16 immediately when contacted with CO2. Therefore, combining 
the effect of CO2 with hydrogen as would be the case in the S/EB, due to reaction, led to 
an unstable gas phase environment for KFeO2. 
The mixed K2Fe10O16/K2Fe22O34 sample was readily decomposed to KFeO2 and 
maghemite in hydrogen, but was completely stable in CO2. These results are consistent 
with the previously postulated role of the potassium polyferrite phase in EB 
dehydrogenation catalysts where the phase exists within the core of the catalyst and 
serves as a storage pool for potassium and trivalent iron ions [16, 17]. The potassium 
polyferrite phase is proposed to supply these ions to the surface of the catalyst under 
reaction conditions to maintain the catalyst activity. 
In the fresh sample, the potassium in K-Fe2O3 appeared to exist primarily as KFeO2, 
which made this sample have features of both the KFeO2 and α-Fe2O3 samples. The 
weight gain in this sample in either the CO2 or EB experiment was less than with KFeO2, 
but was proportional to the relative potassium loadings of the two samples. Therefore, the 
primary weight increases for KFeO2 and K-Fe2O3 could be attributed to the formation of 
K2CO3. The promotion of hematite with potassium in the K-Fe2O3 sample led to an iron 
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oxide material that was immediately transformed to maghemite in the presence of 
hydrogen. Due to the stability of KFeO2 in hydrogen, the reduction of K-Fe2O3 in 
hydrogen only involved the excess iron oxide since a sub-stoichiometric amount of 
potassium was present to convert all of the iron oxide to KFeO2. 
The addition of potassium to iron oxide in EB dehydrogenation is generally ascribed 
to its ability to greatly improve the catalytic activity as well as to aid in gasification of 
surface carbon. Interestingly, the presence of potassium in the current study also appeared 
to aid the formation of surface carbon thereby increasing iron oxide reduction, as 
demonstrated in the EB-only experiments. When steam was included, the K-Fe2O3 
sample was then less reduced than hematite, as shown in the S/EB experiments. 
Therefore, an important balance appeared to exist between surface carbon formation and 
its gasification. 
Combining the observations from the various gas phase environment studies, the 
phase changes occurring in potassium-promoted iron oxide can be summarized in the 
schematic diagram as shown in Fig. 2.10. Fresh potassium-promoted iron oxide was 
composed of KFeO2 and α-Fe2O3. When subjected to H2, the KFeO2 maintained its 
structure as the purported active phase, while the α-Fe2O3 was reduced to magnetite. 
Through reaction with CO2, the active phase could be decomposed to potassium 
carbonate and a potassium polyferrite phase. This potassium polyferrite phase was easily 
decomposed and reduced by H2, forming magnetite and returning a portion of the 
potassium to reconstruct the KFeO2 phase. These results suggest that the KFeO2 phase 
could transform back and forth with the potassium polyferrite phase. However, formation 
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of the reduced iron oxide and potassium carbonate would eventually consume all of the 
potassium and trivalent iron oxide leading to a deactivated material. 
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Fig. 2.10. Proposed phase change progression for potassium-promoted iron oxide. 
 
The phase transformations of the materials in the current study under different gas 
phase environments have important implications for the potassium-promoted iron oxide 
catalysts used in EB dehydrogenation. The maintenance of the KFeO2 phase, which is  
the purported active site for the catalyst, appears to be highly dependent on the gas phase 
CO2 concentration. Whereas, the mixed K2Fe10O16/K2Fe22O34 phase is particularly 
sensitive to reduction from surface carbon. The inference from these results to low S/EB 
operation in the EB dehydrogenation reaction system is that the loss of catalyst activity is 
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related to increased surface carbon formation, which causes reduction of the potassium-
promoted iron oxide catalyst. 
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CHAPTER 3 
Roles of Cr and V on Stability and Activity of Potassium-Promoted Iron Oxide 
Dehydrogenation Catalyst 
 
Abstract 
Potassium promoted iron oxides are the most widely used catalysts for catalytic 
dehydrogenation of ethylbenzene to styrene. Potassium is the primary promoter for iron 
oxide catalyst and can improve the catalytic activity by an order of magnitude. Besides 
potassium, other minor promoters are also added into the catalyst for different purposes, 
either enhancing catalyst stability, or raising its activity/selectivity. Chromium (Cr) and 
Vanadium (V) are two historically used promoters. Chromium is widely accepted to be a 
structure stabilizer. Vanadium can greatly increase the selectivity of styrene; however, it 
has detrimental effect on stability and activity of the catalysts. Since the effects of these 
two promoters are known and opposite, they are helpful to understand underlying 
mechanism around dehydrogenation catalyst stability. In this work, the effects of Cr and 
V on the stability and activity of the catalyst system were investigated. The 
dehydrogenation reaction is complicated, with a range of gas phase compositions in 
addition to the potential of formation carbon on the catalyst surface.  Therefore, 
experiments were performed in a thermogravimetric analyzer under H2, CO2, and 
ethylbenzene environments.  Additionally, the function of steam was also studied.  X-ray 
diffraction was applied to characterize the phase changes and the complementary 
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quantitative calculations were conducted to determine their weight fractions.  The results 
were compared with potassium-promoted iron ozxide without any other promoters. 
 
3.1. Introduction 
Catalytic dehydrogenation of ethylbenzene over iron oxide based catalyst is the 
most important process to produce styrene [1, 2]. Over-heated steam is co-fed with 
ethylbenzene. Technical catalysts are very active and selective [1]. The alkali metal K is 
critical to the catalyst activity as it can increase the catalytic activity over an order of 
magnitude [3-5]. In addition, several studies suggested that K also formed the active 
center for the surface carbon gasification reaction [6-10].  
Recently, with the increasing demand of energy saving, it is incentive to operate the 
reaction with reduced steam usage. However, severe short-term deactivation has been 
observed at low S/EB ratio. Active site blocking and the iron oxide reduction are two 
possible deactivation mechanisms [5, 11, 12]. A number of studies have been carried out 
to understand which mechanism dominates the deactivation of the catalyst because the 
synthesis approach turns out to be different considering different deactivation mechanism. 
Our previous research [13] studied the phase behavior of iron oxide promoted only with 
K in different gas phases including H2, CO2, and ethylbenzene. It was found that surface 
carbon was a stronger reductant than H2 and reduction caused by surface carbon was a 
possible deactivation mechanism. A phase transition model was also built to illustrate the 
transformations between various solid phases, as indicated in Fig. 3.1 [13]. Active KFeO2 
phase is stable in H2 but is easily decomposed by catalyst poison CO2 and forms K2CO3 
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phase. On the other hand, potassium polyferrite is stable in CO2 but can be decomposed 
and reduced back to KFeO2 and magnetite phase by H2. Depletion of KFeO2 and iron 
oxide (III) would lead to the replacement of the catalyst.    
 
K-Fe2O3
KFeO2
Fe3O4
K2CO3
K2Fe22O34
K2Fe10O16
H2
CO2
H2
 
Fig. 3.1: Phase transition model of potassium promoted iron oxide. 
 
Iron oxide promoted with only K could barely be used as stable catalyst. Other 
minor promoters are commonly added into the catalyst either to raise catalytic activity or 
to maintain the stability of the catalyst. Chromium (Cr) and vanadium (V) are two 
historically used promoters and have known opposite effects on iron oxide catalyst [2, 
14]. Cr is suspected to be able to enhance the stability of iron oxide and increase the 
catalytic activity [3, 15, 16]. While V has a negative effect on catalyst stability and 
activity despites its positive effect on catalyst selectivity. These effects have also been 
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reported by Nedela et. al. [17, 18]. By performing micro reactor test of catalytic activity 
and stability of the iron oxide catalyst with only K and Cr/V, the author found that the 
catalyst promoted with Cr had a very good activity and EB conversion kept high. 
However, the V promoted sample had a very poor activity. Reactions could not reach 
steady state at S/EB 6 and S/EB 8 for the Cr and V promoted samples, respectively. 
Therefore, Cr promoted catalyst seemed to be more stable than V promoted one at low 
S/EB conditions.   
Although the effects of Cr and V on the iron oxide catalyst have been known for a 
long time, the inside mechanism of how they affect the catalyst is still under study. 
Understanding their effects is very useful for future catalyst development. In this paper, 
impacts of Cr and V on stability/activity of catalyst were extensively investigated by 
using thermogravimetric analysis (TGA) and x-ray powder diffraction (XRD). 
Complexity of ethylbenzene dehydrogenation reaction gives a series of gas phases in the 
reactor. To avoid this complexity, the experiments were conducted initially with only H2 
or CO2, and later with real reactant ethylbenzene. In addition, steam effect was also 
investigated by combining steam with all these three gas phases.  
 
3.2. Experimental 
Raw materials used for catalyst sample preparation included hematite (α-Fe2O3), 
and potassium carbonate (K2CO3), which were provided by Shell Co. Promoters Cr and 
V were added into the catalyst with forms of chromium oxide (Cr2O3) and vanadium 
oxide (V2O5). In addition, maghemite (γ-Fe2O3), magnetite (Fe3O4), wustite (FeO), and 
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iron metal (Fe) were used as XRD reference material. Reactant ethylbenzene 
(C6H5CH2CH3) was purchased from Aldrich Co. with a purity of 99.8%. Steam was 
provided by de-ionized water. 
 
Table 3.1: Composition of potassium promoted iron oxide catalysts. 
 Compound Fraction (wt%) Element Fraction (wt%) 
 α-Fe2O3 K2CO3 Cr2O3 V2O5 K Cr V
K-Fe2O3 82.3 17.7 10  
K-Fe2O3 /Cr 75.0 17.7 7.3 10 5 
K-Fe2O3 /V 73.4 17.7 8.9 10  5
 
Catalyst samples used in this study included K promoted iron oxide (K-Fe2O3), K 
promoted iron oxide with Cr (K-Fe2O3 /Cr), and K promoted iron oxide with V (K-Fe2O3 
/V). Table 3.1 listed the compound and element fraction for each sample before 
calcination. All samples were mixed and ground in mortar followed by calcination at 
800oC for 3.5 hours in tube furnace. Detailed calcination method was described 
elsewhere [18, 19]. All samples were carefully stored in a desiccator to avoid contacting 
with ambient air due to instability of catalyst [17, 18, 20]. 
Experiments were carried out in a Pekin Elmer TGA 7. Detailed furnace setup was 
described previously [21]. Reaction temperature was controlled to be 630oC, which is 
commonly used in industry. Reaction time was set to 240 minutes. After reaction, used 
samples were collected for further analysis. Pure nitrogen gas was utilized as carrying 
and diluting gas. 12% H2/N2 mixture instead of pure hydrogen was used for safety 
purpose. Liquid phases including ethylbenzene and steam were introduced into furnace 
by syringe pumps. Flow rates of gases and liquids were set so as to obtain a partial 
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pressure of 0.04 atm for hydrogen, carbon dioxide, and ethylbenzene, and 0.07 for steam. 
Therefore, steam to hydrogen, carbon dioxide or ethylbenzene molar ratio was about 1.7, 
which enabled us to study catalyst deactivation at low steam environment. 
Due to the reduction of iron oxide and the carbonation of potassium together with 
interaction between promoters and catalyst itself, the final sample could be very 
complicated. A Siemens D500 x-ray diffractometer with a CuKα source was utilized to 
determine crystal phases in samples. Due to the instability of some phases, scanning 
range was chosen to be from 25 to 50 degrees with a step size of 0.03 and dwell time of 3 
seconds. All phases have their major peak located in this range, which is sufficient for 
our analysis. Necessary quantitative calculation was also performed to identify the 
fraction of each phase. Detailed method had been described elsewhere [17, 18, 21] and 
the equation was shown here: 
Si Si
Si Si Si
( )( )
1 ( )
p p r
p t
p rt rr
I WI WW
I I W W
⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ −⎝ ⎠ ⎝ ⎠⎝ ⎠
 
Where r, t represent reference sample and test sample, respectively. W represents weight 
fraction of each phase. I represents the intensity of each phase. p represents the phase 
needs to be quantified. This quantitative calculation has been proven to be a very useful 
technique for this study [17, 18, 21]. Si was used in all XRD analysis as internal standard. 
Function of Si was twofold. First of all, it could be utilized to correct peak shift due to 
plate skew. Secondly, it was essential to perform the quantitative calculation by internal 
standard method.  
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3.3. Results and Discussion 
3.3.1 Fresh sample characterization 
A number of studies suggested that potassium reacted with iron oxide and formed 
the active KFeO2 phase [4, 15, 18, 20, 22]. Our previous study [21] also found that when 
calcined at 800oC, the KFeO2 phase, which had olive green color observable by eyes, was 
formed. In this study, two additional promoters (Cr, and V) were added into the catalyst 
and hence made the catalyst more complicated. Therefore, it was very important to 
identify the initial formation of each element in the catalyst. Potassium promoted iron 
oxide without Cr and V doping was also used as a comparison.  
As clearly shown in Fig. 3.2, K-Fe2O3 fresh sample contained the KFeO2 and the 
excess α-Fe2O3 phase. Comparison between stoichiometric and XRD quantitative 
calculation (as shown in Table 3.2) indicated that KFeO2 was probably the only form for 
potassium in the K-Fe2O3 sample. For the K-Fe2O3 /Cr sample, K2CrO4 was detected 
besides KFeO2 and α-Fe2O3. Several studies [4, 19, 23-25] pointed out the existence of 
this K2CrO4 phase. Calculations shown in Table 3.2 confirmed that all Cr formed K2CrO4 
phase and the excess potassium formed the active KFeO2 phase. However, for K-Fe2O3 
/V sample, the crystalline active phase was not detected by XRD. Instead, a potassium 
metavanadate (KVO3) appeared in the sample. KVO3 has a low melting point, which is 
about 522oC. Therefore, at calcination and reaction temperature, it was liquid instead 
solid. At the same time, the theoretical calculation showed that even all V forms KVO3, 
there should be about 6 wt% free K left. However, the rest of the potassium did not form 
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any crystal phase, as indicated in Fig. 3.3. Since this part of potassium is undetectable, 
the calculations for the K-Fe2O3 fresh sample could not reach consistence.  
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Fig. 3.2: XRD patterns of fresh calcined samples. a) Si b) α-Fe2O3 c) KFeO2 d) K2CrO4 e) 
KVO3 
 
Because K2CrO4 and KVO3 were found in the fresh sample, their behaviors under 
different gas environment would be very useful for us to understand the effects of Cr and 
V towards catalyst performance. Hence, they were also included in this study. Later XRD 
analysis did not include KVO3 sample because all KVO3 stuck on the sample pan after 
TGA experiments. 
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Table 3.2. Quantitative XRD and stoichiometric calculations of phase fractions in fresh 
samples. 
 　α-Fe2O3 
(wt%)
KFeO2
(wt%)
K2CrO4 
(wt%) 
KVO3
(wt%)
K-Fe2O3 　64 36  
By stoichiometric 　67 33  
K-Fe2O3 /Cr 79 5 16 
By stoichiometric 73 8 19 
K-Fe2O3 /V 73  27
By stoichiometric 66 20  14
 
 
3.3.2 Isothermal experiments with H2 
In this section, resistances of different catalyst samples to H2 reduction were studied 
under 12% H2/N2 environment without presence of steam. TG curves indicating the 
sample weight variations in H2 were shown in Fig. 3.3.  
Similar weight loss trends were found for samples K-Fe2O3, K-Fe2O3 /Cr, and K-
Fe2O3 /V. From the TG curves we found that their resistances to H2 reduction had the 
order of K-Fe2O3 /Cr > K-Fe2O3 > K-Fe2O3 /V. Each sample had two transition points 
before reaching its final steady state weight. Previous study [21] indicated that the first 
step of weight loss was most likely to be chemisorbed oxygen removal. This chemisorbed 
oxygen was considered to be corrosive oxygen adsorption and could not be removed by 
just heating in N2 [26]. It was also found that only iron oxide in K-Fe2O3 system 
contained this corrosive chemisorbed oxygen.   
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Fig. 3.3: TG curves for the iron oxide-based materials at 630oC under an H2 environment. 
 
KVO3 was resistant to H2 reduction. Therefore, we suspected that KVO3 had little 
effect on sample’s weight change. Since the presence of KVO3 consumed part of the K 
ions, more hematite was left in the fresh K-Fe2O3 /V sample. Therefore the K-Fe2O3 /V 
sample had greater weight loss than the K-Fe2O3 sample at the first transition point. 
While for the K2CrO4 sample, we could see that it had only one obvious transition point 
and the weight loss at the point was much greater than K-Fe2O3 sample. Although XRD 
showed that K2CrO4 was the only crystal phase present in the use K2CrO4 sample, it was 
hard to conclude that there was no reduction at all. Several studies investigated the 
formation and reduction of K2CrO4 phase [23-25]. The authors indicated that the 
reduction of K2CrO4 might form K2O and amorphous Cr2O3.  Muhler et al. [4] confirmed 
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the presence of Cr2O3 by NEXAFS study. Even though we could not determine the 
reason of weight loss, the greater weight loss of K2CrO4 might be one of the reasons why 
K-Fe2O3 /Cr sample had greater weight loss than the K-Fe2O3 sample. 
 
Table 3.3. Quantitative XRD calculation of phase fraction in iron oxide system after H2 
treating. 
 At Transition Point 2 At The End Of Experiment 
 γ-Fe2O3 
(wt%) 
Fe3O4 
(wt%) 
KFeO2 
(wt%) 
Fe 
(wt%)
γ-Fe2O3 
(wt%) 
Fe3O4 
(wt%) 
KFeO2 
(wt%) 
Fe 
(wt%)
K-Fe2O3 61 13 26 23 12 43 22
K-Fe2O3 /Cr 82 18 64  24 12
K-Fe2O3 /V 78 22 47 14 39
 
At the second transition point, XRD indicated that magnetite showed up in the K-
Fe2O3 and K-Fe2O3 /V sample but not in the K-Fe2O3 /Cr sample. Therefore, presence of 
Cr seemed to be stabilizing the iron oxide. Muhler et al. [4] pointed out that Cr3+ could 
penetrate into iron oxide lattice and thereafter change the Fe-O coordinate and form a 
ternary oxide. The author then pointed out that formation of this ternary oxide might 
modify the resistance of iron oxide toward H2 reduction. This explained why XRD could 
not detect the presence of Cr2O3 since Cr3+ did not form any crystal phase. In the K-
Fe2O3 /V sample, the formation of active KFeO2 phase continued to be inhibited. 
Quantitative XRD calculation indicated that iron oxide in K-Fe2O3 /V sample was more 
reduced than K-Fe2O3 sample, as shown in Table 3.3. Therefore, vanadium damaged the 
stability of iron oxide in H2 environment.  
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Fig. 3.4: XRD pattern of K2CrO4 after 240 minutes with H2 at 630oC. a) internal standard 
Si, b) K2CrO4 
 
At the end of the experiments, we found that for all model samples, iron metal 
appeared with different fractions. It clearly indicated that catalyst promoted with 
chromium had least iron metal phase. It was also interested to find that there was no 
magnetite detected by the XRD for the Cr promoted sample. XRD pattern of K2CrO4 at 
the end of experiment indicated the presence of K2CrO4, as shown in Fig. 3.4. Therefore, 
high resistance of K2CrO4 to H2 reduction made the process of Cr3+ formation occur 
slowly and made it capable to stabilize Fe3+ ions.  
K-Fe2O3 had moderate iron metal contents in the final sample. Large amounts of 
maghemite were still found in the sample. When promoted by V, it formed a KVO3 
sample which was very stable in H2 and hence kept inhibiting the formation of active 
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KFeO2 phase. This compound was liquid at reaction temperature and could probably 
increase diffusions of surface ions and hence expose inner iron oxide to H2. Therefore, 
promoter V actually had an adverse effect on stability of iron oxide, which was reflected 
by the greatest amount of iron metal in the final sample. 
 
3.3.3 Isothermal Experiments with CO2 
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Fig. 3.5: TG curves for the iron oxide-based materials at 630oC under a CO2 environment. 
 
Effect of carbon dioxide on ethylbenzene conversion has been studied by Hirano [20, 
27]. The author found that ethylbenzene conversion was depressed instantly when adding 
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CO2 in the feed stream. This conversion drop could be restored by removing CO2 from 
the reactant stream. Although CO2 had been known as a poison gas to the catalyst for a 
long time, its impact on catalyst was still under study. In this section, effects of carbon 
dioxide on catalyst itself were investigated. Fig. 3.5 demonstrated sample weight changes 
in the CO2 environment. 
The active KFeO2 phase could be easily decomposed by carbon dioxide even in 
ambient atmosphere, which had been demonstrated by several studies [4, 20]. During this 
process, potassium carbonate was formed. As indicated in Fig. 3.5, no KFeO2 peak could 
be detected for all three iron oxide catalysts. At reaction temperature of 630oC, 
decomposition of KFeO2 yielded potassium polyferrite (K2Fe10O16) and K2CO3 by the 
following reaction [21]: 
10KFeO2 + 4CO2 → 4K2CO3 + K2Fe10O16 
because of the detection limit of XRD, no potassium ferrite phase was detected in the 
used samples. However, we were able to identify this compound with high level of 
potassium doping such as pure active KFeO2 phase (30 wt% K+/Sample), whose behavior 
has been extensively described elsewhere [21]. Trace of potassium carbonate was also 
detected in used K-Fe2O3 sample since KFeO2 fraction was the highest in this sample. 
As shown in Fig. 3.6, after 4 hours CO2 treatment, XRD still showed the presence 
of K2CrO4 and KVO3 in K-Fe2O3 /Cr and K-Fe2O3 /V sample, respectively. Stability of 
these two potassium compounds in CO2 protected the potassium from being attacked by 
carbon dioxide. In addition, as we discussed in section 3.2, K2CrO4 could release K+ and 
Cr3+ slowly in H2 to form active phase and help Fe3+ to stay at oxidized state [4 , 23-25]. 
54 
 
Therefore, chromium could efficiently maintain the stability and activity of the iron oxide 
catalyst. However, the stability of KVO3 had an adverse effect on catalyst stability and 
activity since it not only inhibited the formation of active phase, but also accelerated the 
reduction of iron oxide. 
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Fig. 3.6: XRD pattern of iron oxide catalysts after 240 minutes with CO2 at 630oC. a) 
internal standard Si, b) γ-Fe2O3, c) K2CO3, d) K2CrO4, e) KVO3 
 
K-Fe2O3 fresh sample is basically a mixture of hematite and KFeO2, as indicated by 
XRD spectrum in Fig. 3.2. The weight increase of this sample was caused by the 
carbonation reaction of KFeO2 with CO2. Experiment result was very similar with the 
theoretical calculation of weight increases, which were 5.1 wt% and 4.9 wt%, 
respectively. Similarly, KFeO2 in the K-Fe2O3 /Cr sample could also be decomposed by 
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CO2. Again, the experimental weight increase (0.9 wt%) was close to the theoretical 
calculation (0.8 wt%). However, discrepancy was found for the K-Fe2O3 /V sample. The 
experimental weight increase was far less than the calculation indicating the activity loss 
of the potassium in the K-Fe2O3 /V sample. Hence the activity of potassium had been 
greatly depressed by doping with vanadium. 
 
3.3.4 Isothermal Experiments with Ethylbenzene 
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Fig. 3.7: TG curves for the iron oxide-based materials at 630oC under an EB environment. 
 
56 
 
The real reaction system was so complicate that we could not just consider the 
effects of above two simple gases. Ethylbenzene might impact the catalyst by itself. 
Additionally, surface carbon could be accumulated on the catalyst surface by thermal 
cracking of ethylbenzene and/or styrene. In this section, we applied an extreme condition, 
which had a steam/ethylbenzene molar ratio 0, to examine how the catalyst been affected. 
TG curves were shown in Fig. 3.7. 
K-Fe2O3 exhibited a slower weight loss than in H2. Formation of the surface 
carbonaceous phases, including K2CO3 and carbon, was the major reason causing weight 
increase. The initiation of weight loss indicated the initiation of the dehydrogenation 
reaction since the corrosively chemisorbed oxygen could only be removed with the 
presence of H2. At the first transition point, weight loss was less than in H2 experiments. 
When using XRD to exam the sample taken out of TGA at this point, we didn’t found 
any peak of active KFeO2 phase. It was suspected that potassium carbonate formed very 
fast and counterbalanced the weight loss due to chemisorbed oxygen removal. When 
sample was promoted with Cr, we could see that at this stage, the weight loss was similar 
with K-Fe2O3 sample. XRD analysis also indicated that no reduction occurred. While for 
the K-Fe2O3 /V sample, since V inhibited the activity of potassium, the weight loss at 
first transition point was similar with H2 experiment result, which was much larger than 
the other two iron oxide samples. No reduced phase had been detected yet.  
At second transition point, all three potassium promoted samples were reduced 
greater than in the H2 environment. As indicated in Fig. 3.8, a more reduced wustite (FeO) 
phase appeared in the used samples. K-Fe2O3 had much less weight loss with greater  iron 
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oxide reduction than in H2. The H2 partial pressure in EB experiment was lower than H2 
experiment due to stoichiometric factor. In addition, without steam, the surface carbon 
would not be gasified. Therefore, accumulated surface carbon might be the reason 
leading to the extensive reduction of iron oxide. It was interesting to find that even 
though FeO already showed up in the K-Fe2O3 /Cr sample, no magnetite was detected by 
XRD. It was then suspected that Cr could only prevent hematite/maghemite from being 
reduced to magnetite. For the K-Fe2O3 /V catalyst, trace of iron metal has been 
discovered indicating extensive reduction of this sample.  
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Fig. 3.8: XRD pattern of iron oxide catalysts at second transition point with EB at 630oC. 
a) Si, b) γ-Fe2O3, c) Fe3O4, d) FeO, e) Fe, f) K2CO3·1.5H2O 
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At the end of experiments, V promoted catalyst showed less reduction than the K-
Fe2O3 sample. Quantitative calculations were tabulated in Table 3.4. The calculations did 
not include the K-Fe2O3 /Cr sample because it obtained extremely heavy carbon 
deposition after second transition point. Experiment was stopped for this sample at 120 
minutes and extensive reduction was found. K-Fe2O3 was nearly completely reduced to 
iron metal, as shown in Table 3.4. In final sample, iron metal counted for about 93 wt% 
of total iron compounds and the rest of 7 wt% was magnetite. For the V promoted 
catalyst, there was only 6 wt% iron metal in the final sample and most of the iron were in 
a form of wustite. As indicated in the previous paper [21], carbon was a very strong 
reductant for iron oxide in this process. V diminished the activity of potassium and hence 
reduced the formation of surface carbon. Cr enhanced the activity of potassium and could 
possibly increase surface carbon deposition at the same time. Both of them were proved 
as by the TG curves in Fig. 3.6. Without the presence of steam, surface carbon won’t be 
gasified and therefore continued to reduce the iron oxide. Moderate activity of K-Fe2O3 
leads to moderate surface carbon deposition and moderate iron oxide reduction. 
 
Table 3.4. QXRD results with EB at 630oC for 240 minutes. 
 　α-Fe2O3 (wt%) Fe3O4 (wt%) FeO (wt%) Fe (wt%)
K-Fe2O3 7  93
K-Fe2O3 /V 11 10 73 6
 
K2CrO4 and KVO3 were also included in this study. Presence of large amount of 
potassium carbonate hydrate indicated the reduction of K2CrO4. However, even in such a 
severe condition, K2CrO4 was not complete reduced to Cr2O3, as indicated in Fig. 3.9. 
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Stability of K2CrO4 enabled gradual releasing of potassium ions and hence provided its 
enhancement on catalyst’s stability and activity. XRD was not applied to KVO3 sample 
since it was liquid phase at reaction temperature and stuck on the wall of sample pan. 
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Fig. 3.9: XRD pattern of K2CrO4 with EB for 240 minutes at 630oC. a) Si, b) K2CrO4, c) 
K2CO3·1.5H2O 
 
3.3.5 Effect of Steam 
Steam has several important functions which make it irreplaceable [13]. In this 
series of experiments, steam effect on catalyst was studied by carrying out reaction in a 
combined environment of steam and H2, CO2, or EB. Steam was injected into the furnace 
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by a second syringe pump. The flow rate of steam was set so that the steam and the H2 
had s molar ratio 1.70.  
All three iron oxide samples reached their steady state weight quickly as we could 
see clearly in Fig. 3.10. For each sample, its weight loss was corresponding to the first 
transition point in H2 experiment. The weight loss of K-Fe2O3 sample was due to removal 
of chemisorbed oxygen by iron oxide. Theoretical weight loss was calculated based on 
summation of weight loss of each phase multiply its fraction in sample. As indicated in 
Table 3.5, experimental results matched the theoretical calculation very well except K-
Fe2O3 /Cr sample. Only the K-Fe2O3 /V sample was reduced, which indicated the 
negative effect of V on iron oxide stability.  
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Fig. 3.10: TG curves for the iron oxide-based materials at 630oC under S/H2=1.70 
environment. 
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K-Fe2O3 /Cr had much more weight loss than the K-Fe2O3 sample. Presence of 
K2CrO4 phase and higher fraction of α-Fe2O3 in fresh sample were two possible reasons. 
However, calculation indicated the weight loss seemed to be a little greater than 
theoretical calculations. TG curve of K2CrO4 did not show a steady state weight during 
the whole process. Therefore, we suspected that the reduction of K2CrO4 to amorphous 
Cr2O3 might occur in this condition.   
 
Table 3.5: Sample weight loss in S/H2 
 Experimental Result (wt%) Calculated Result (wt%)
Pure phases 
α-Fe2O3 3.85 -
KFeO2 0.50 -
K2CrO4 7.00 -
KVO3 1.15 -
Potassium-promoted iron oxide catalyst samples 
K- Fe2O3 2.64 2.58
K- Fe2O3 /Cr 5.02 4.14
K- Fe2O3 /V* 3.18 3.19
K- Fe2O3 /V** 3.18 2.54
*: Assume no formation of KFeO2. Iron oxide has only form of α-Fe2O3 
**: Assume excess K+ forms KFeO2. 
 
K-Fe2O3 /V sample was more complicate than the other samples since there was no 
clue on the situation of excess potassium. In this case, we conducted two calculations. 
One considered that potassium did not interact with iron ions at all and all iron kept their 
form as α-Fe2O3, and the other calculation assumed that potassium formed active phase. 
As clearly indicated in Table 3.5, the experimental result was much closer to the first 
assumption. Hence we suspected that with V loading, the potassium was inhibited to 
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interact with iron oxide. Weight decrease of K-Fe2O3 /V sample was a little greater than 
K-Fe2O3 sample, as indicated in Fig. 3.10 and Table 3.5. Similar with K-Fe2O3 /Cr 
sample, α-Fe2O3 weight fraction was higher than K-Fe2O3 sample as shown in Table 3.2. 
XRD indicates that iron oxide has been partially reduced to magnetite. About 28 wt% 
magnetite was found in used sample. K-Fe2O3 /V was the only sample that found to be 
reduced at S/H2=1.70 condition. This again reflected the detrimental effect of V on the 
stability of iron oxide catalyst. 
S/CO2 had very similar impact on iron oxide catalyst system with CO2 except that 
the weight increase was a little faster than former. XRD analysis also indicated that 
K2CrO4 and KVO3 were stable in this environment.  
TG curves of different samples in S/EB=1.70 environment were shown in Fig. 3.11. 
None of them had been reduced beyond magnetite. Once more, the oxidative effect of 
steam was proved. K-Fe2O3 had the highest weight increase since it has the highest 
KFeO2 contents. This weight increase was caused mainly by formation of potassium 
carbonate. Surface carbon deposition also involved in the weight increase since the really 
reaction occurred. Because of the presence of steam, potassium could efficiently gasify 
the surface carbon and hence reduced the reduction of the iron oxide, as demonstrated in 
Table 3.6. Comparing to 93 wt% iron metal in EB environment, only 2 wt% magnetite 
was found after 4 hrs S/EB treatment for the K-Fe2O3 sample. KFeO2 phase could not be 
detected anymore, therefore, the catalyst for gasification reaction might probably be 
K2CO3 instead KFeO2 [6-10, 20]. 
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Fig. 3.11: TG curves for the iron oxide-based materials at 630oC under S/EB=1.70 
environment. 
 
Chromium promoted sample had moderate weight increase. As described 
previously, K2CrO4 had strong resistance to H2, CO2, and also had moderate resistance 
towards reduction by surface carbon. Therefore, the total potassium which could be 
attacked by CO2 in K-Fe2O3 /Cr sample was much less than K-Fe2O3 sample leading to 
moderate potassium carbonate formation. No reduced phase indicated the effect of Cr 
doping on preventing reduction of maghemite to magnetite. 
Table 3.6: QXRD results with S/EB = 1.70 at 630oC for 240 minutes. 
 γ-Fe2O3 (wt%) Fe3O4 (wt%)
K-Fe2O3 98 2
K-Fe2O3 /Cr 100 0
K-Fe2O3 /V 91 9
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After chemisorbed oxygen removal of the V promoted sample, the weight initially 
increased. Poor activity of this sample made its weight increase very slowly and after 
about 2 hrs reactions, the weight started to decrease. Quantitative XRD calculation 
indicates that this sample was much more reduced than other two. Therefore, this weight 
decrease was supposed to be the iron oxide reduction. Experiment with KVO3 indicated 
that KVO3 had strong resistance to S/EB and hence kept inhibiting formation of active 
phase. Therefore, we might conclude that inability of KFeO2 formation was the reason of 
low activity of K-Fe2O3 /V sample. 
 
3.4. Conclusion 
How chromium and vanadium affect the stability and activity of potassium 
promoted iron oxide catalyst were studied by thermogravimetric analysis (TGA) and x-
ray powder diffraction (XRD). Quantitative XRD was also applied to understand the 
extent of reduction of iron oxide.  
K2CrO4 phase was formed during calcination of K-Fe2O3 /Cr catalyst sample. This 
phase was resistant to CO2 and could be gradually reduced by H2 and CO2. These two 
features made it a perfect storage phase for potassium. In addition, formed Cr2O3 phase 
could incorporate into iron oxide matrix and prevented the iron oxide being reduced to 
magnetite [4]. V could also react with potassium and formed a KVO3 phase, which was 
stable in nearly all conditions. Therefore, it would not be decomposed and wouldn’t 
release potassium ions. In addition, V inhibited the formation of active phase and hence 
greatly reduced the activity of catalyst.   
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CHAPTER 4 
Phase Behavior of Potassium-Promoted Iron Oxide Doping with Promoters Ca, Mo, 
and Ce 
 
4.1 Introduction 
Technical catalysts for dehydrogenation of ethylbenzene are commonly made from 
hematite (α-Fe2O3) and potassium carbonate (K2CO3) with other minor promoters. 
Although the catalyst has been commercialized for over 70 years, large amounts of 
efforts are still put on improving its activity, selectivity, and stability. Nowadays, the 
catalyst improvement is still based on adding more or different promoters into currently 
used system to enhance its behavior. Among all promoters, potassium has critical effects 
on the catalyst performance. It can increase the activity of iron oxide over an order of 
magnitude [1-7]. Hirano [1] suggested that the actual active phase was KFeO2 phase, 
which was later verified by a number of studies [2-5]. In addition, it is also suggested 
potassium can catalyze the surface carbon gasification reaction [1, 6-10].  
Catalyst deactivates slowly during the reaction due to loss of potassium ion, surface 
carbon deposition, reduction of iron oxide, and sintering of the catalyst etc.  [4, 11, 12] 
Lowering S/EB molar ratio leads to short-term deactivation, which could be caused by 
surface carbon deposition or iron oxide reduction [13]. Therefore, other minor promoters 
such as Cr [14, 15], V [1, 5], Ce [1, 5, 15], Mo [16], and Ca, are added into the catalyst 
either to stabilize the catalyst or to increase its activity. However, little is known about 
the intrinsic relations between promoters and their effects on catalysts. A TGA and XRD 
study on phase transitions of K-Fe2O3 model catalyst doping with historical used Cr and 
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V promoters was performed previously. The results were extensively discussed in 
Chapter 3. Formation of K2CrO4 could efficiently preserve K ions. In addition, reduced 
Cr3+ was able to penetrate into iron oxide matrix and subsequently increase its resistance 
to reduction [5]. Presence of a KVO3 in V promoted catalyst inhibited the formation of 
active KFeO2 phase leading to low catalytic activity. The results obtained by TGA/XRD 
study were consistent with the pilot plant results. Therefore, phase transition study by 
TGA combined with XRD is proved to be a very useful technique to examine the effects 
of promoters. 
Ca, Mo and Ce are modern promoters commonly used in current industrial catalysts. 
An understanding of how these promoters affect the catalyst stability and activity is very 
important for future catalyst development. Therefore, in this chapter, sample probing 
technique used in previous research was applied to Ca, Mo, and Ce promoted K-Fe2O3 
model catalyst. Various gas phases including H2, CO2, EB, and steam were used to 
examine the phase behavior of the model catalysts. 
 
4.2 Experimental 
Raw materials used for this study included hematite (α-Fe2O3) and potassium 
carbonate (K2CO3) as basis for the model catalysts. Other promoters Ca, Mo, Ce were 
added in the forms of calcium carbonate (CaCO3), molybdenum trioxide (MoO3), and 
cerium carbonate hydrate (Ce2(CO3)3·8H2O), respectively. Additional solid compounds 
such as maghemite (γ-Fe2O3), magnetite (Fe3O4), wustite (FeO), and iron metal (Fe) were 
used as XRD reference materials. Ethylbenzene was used as purchased from Aldrich Co. 
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with a purity of 99.8% to provide the reactant vapor. Steam was generated from de-
ionized water. 
 
Table 4.1. Promoters’ doping level and corresponding compound compositions (wt% in 
sample). 
 K2CO3 　α-Fe2O3 CaCO3 MoO3 Ce2(CO3)3 K Ca Mo Ce
K-Fe2O3 17.7 82.3  10 
K-Fe2O3 /Ca 17.7 77.3 5  10 2
K-Fe2O3 /Mo 17.7 79.3 3  10 2
K-Fe2O3 /Ce 17.7 71.5 10.8 10 5
K-Fe2O3 /Ce /Mo 17.7 68.5 3 10.8 10 2 5
K-Fe2O3 /Ce /Mo /Ca 17.7 63.5 5 3 10.8 10 2 2 5
 
Ex-situ synthesized samples for this study included K-Fe2O3, K-Fe2O3 /Ca, K-Fe2O3 
/Mo, K-Fe2O3 /Ce, K-Fe2O3 /Ce /Mo, and K-Fe2O3 /Ce /Mo /Ca. The composition of each 
sample is tabulated in Table 4.1. All synthesized samples were subjected to grinding in a 
mortar followed by calciantion at 800ºC for 3.5 hours in a furnace tube. The detailed 
calcination procedures were addressed elsewhere [17-19]. Well-ground samples were 
then stored in desiccators due to their instabilities in ambient air [17, 20].  
The experiments were carried out in a Perkin Elmer TGA 7 with a high temperature 
furnace. The detailed experimental setup was described earlier [17]. Gases such as H2, 
CO2 were flowing into the furnace from a side inlet. Ultrapure N2 was used as both a 
carrying and a diluting gas. For safety, a 12 mol% H2/N2 mixture was used in this study 
instead of pure H2. Water and ethylbenzene were introduced into the furnace through a 
capillary tube by syringe pumps. The liquids vaporized immediately after entering the 
furnace and mixed with carrying gas N2 to form the desired gas environment. Flow rates 
were chosen so that gases including H2, CO2, ethylbenzene had partial pressures of 0.04 
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atm and steam had a partial pressure of 0.07 atm. Therefore, the molar ratios of steam to 
H2/CO2/EB were approximately 1.7. With this low S/EB molar ratio, we were able to 
observe the change of the catalyst at a relatively fast rate. Reaction temperature was set to 
630ºC and reaction time was normally 4 hours. To minimize heat transfer resistance, 
sample weights were chosen to be about 25 mg [20]. 
During the reaction, the solid catalyst sample might be reduced by the H2 or surface 
carbon; active KFeO2 phase would be decomposed by CO2; and interactions between 
different promoters and precursors might also occur. Therefore, it was very important to 
clarify the phases in the fresh and used samples. A Siemens D-500 X-ray diffractometer 
with a CuKα radiation source was used to analyze the crystal phases in the sample. 
Quantitative calculations were also performed to better understand the phase 
compositions of each sample. The detailed method was described earlier [17, 19, 20]. For 
each sample, Si was added for dual purposes: correcting the skew due to the sample plate 
and allowing for quantitative calculations. 
 
4.3 Results and discussions 
4.3.1 Fresh sample characterization 
The potassium-promoted iron oxide catalyst is a complicated system. Many studies 
suggests the formation of an active KFeO2 phase under reaction conditions. Our initial 
studies indicated that during the calcinations step, the active KFeO2 phase already formed 
[17]. The presence of KFeO2 might be the reason that the potassium-promoted iron oxide 
catalyst was unstable in ambient air since this phase is susceptible to CO2 and readily 
forms potassium carbonate hydrate.  
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With the doping of additional promoters, Ca, Mo, and Ce, the interactions of 
elements become more intricate. Clarifying the initial formation of each element in fresh 
samples was then desired and this was accomplished by x-ray power diffraction analysis. 
The XRD patterns of all fresh samples were shown in Fig. 4.1. Only three crystal phases 
could be identified from the XRD patterns: internal reference Si, hematite (α-Fe2O3), and 
active KFeO2 phase. The crystal phase of minor promoters could not be detected by the 
XRD. However, this did not mean that the promoters did not form crystalline phases. 
Considering their small weight fractions in fresh sample and the detection limit of the 
equipment, a more detailed investigation of element interactions would need to be done. 
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Fig. 4.1. XRD patterns of fresh samples. a: Si, b: α-Fe2O3, c: KFeO2. 
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The interaction between different elements were studied by mixing different 
compounds (such as Fe2O3+K2CO3, CaO+Fe2O3, etc.) and subjected to 800ºC 
calcinations. XRD was used again to examine the crystal phases in these samples, and the 
results were listed in Table 4.2. 
 
Table 4.2. Element interactions between promoters and precursors  (calcined at 800ºC). 
 K Ca Mo Ce Fe 
K - - K2MoO4 - KFeO2 
Ca - - CaMoO4 - - 
Mo K2MoO4 CaMoO4 - - - 
Ce - - - - - 
Fe KFeO2 - - - - 
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Fig. 4.2. XRD patterns of CaO, K2MoO4, CeO2, and interaction of K, Ca, and Mo. a: Si, b: 
CaO, c: K2MoO4, d: CeO2. 
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Promoter Ce did not interact with any other elements. XRD indicated that it actually 
was oxidized by the air and formed the CeO2 phase. Potassium could react with iron and 
form active KFeO2 phase, which has been pointed out in many studies [1, 4, 5, 17]. In 
addition, when K, Mo, and Fe were present simultaneously, K2MoO4 formed first, and 
the rest of K formed active KFeO2 phase. When K, Ca, and Fe were presented together in 
the system, Ca only formed CaO phase. Similar to K, Ca could react with Mo and form 
CaMoO4 phase. So when Ca, Mo and Fe were present in the system, Ca formed CaMoO4 
the phase, and rest of the Ca formed CaO phase. Most complicate case was the sample 
doping with all three minor promoters. In this situation, Mo still reacted with K but not 
Ca since K is more active and basic than Ca, as indicated in Fig. 4.2. Considering that K 
is always added into the sample, CaMoO4 had no chance to form in the model catalysts 
we prepared. XRD patterns of ex-situ synthesized CaO, K2MoO4, CaMoO4, and CeO2 
were also shown in Fig. 4.2. 
Calculations shown in Table 4.3 were the calculated phase composition of each fresh 
sample based on the following chemical reactions: 
 K2CO3 + Fe2O3 → 2KFeO2 + CO2 
 K2CO3 + MoO3 → K2MoO4 + CO2 
 CaCO3 → CaO + CO2 
 2Ce2(CO3)3·8H2O + O2 → 4CeO2 + 6CO2 + 16H2O 
None of the minor promoters inhibited the formation of active phase as vanadium (V) 
did. Free K always formed the active phase. Since these compounds were found in the 
fresh sample, their behaviors in different gas phases were also included in this study. 
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Table 4.3. Phase composition of fresh samples. 
 　　α-Fe2O3 
(wt%)
KFeO2 
(wt%)
CaO 
(wt%)
K2MoO4 
(wt%) 
CeO2 
(wt%)
K-Fe2O3 66 34  
K-Fe2O3 /Ca 62 35 3  
K-Fe2O3 /Mo 66 29 5 
K-Fe2O3 /Ce 57 36  7
K-Fe2O3 /Ce /Mo 57 30 6 7
K-Fe2O3 /Ce /Mo /Ca 53 31 3 6 7
 
 
4.3.2 Isothermal experiments with H2 
As the dehydrogenation reaction going on, large amount of H2 was generated in the 
reactor. In addition, H2 could also be generated from surface carbon gasification reaction. 
Lots of research had been performed to study the reduction of iron oxide by H2 [17-19]. 
To avoid the effect of other possible factors, only H2 was used in this section. Weight 
changes of the samples were illustrated by the TG curves in Fig. 4.3. 
All samples had a fast weight decrease region initially followed by a very slow 
weight decrease region. Two transition points were found for all samples: one at about 10 
minutes and the second one at about 25 minutes. At the first transition point, no samples 
had been reduced. The weight loss might be due to the removal of chemisorbed oxygen 
[17, 21]. Our initial study indicated that this chemisorbed oxygen was bonded to iron 
oxide tightly and could not be removed by heating in N2 alone [17, 21]. Therefore, weight 
loss at first transition point was proportional to the iron oxide weight fraction in the 
samples. In addition, transformation from α-Fe2O3 to γ-Fe2O3 occurred at this stage. This 
transformation was triggered by the presence of both K and H2. Examining the TG curves 
of CaO, K2MoO4, and CeO2 in Fig. 4.4, we could see that they only had about 1 percent 
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weight loss in the 4 hour experiment. Considering their low loading in fresh catalyst 
samples, their effects on catalyst sample weight change were negligible. 
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Fig. 4.3. TG curves for the iron oxide-based materials at 630oC under an H2 environment. 
 
After the first transition point, reduction of iron oxide had been initiated. Magnetite 
was found for all samples at second transition point with different fraction, as indicated in 
Table 4.4. The sample doped with Mo seemed to have been reduced most indicating Mo 
might actually have detetrimental effect on iron oxide stability. While the Ca and Ce 
promoted sample had much better behavior than Mo promoted samples, especially when 
the sample was promoted with both Ca and Ce. 
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Fig. 4.4. TG curves at 630oC under an H2 environment for CaO, K2MoO4, and CeO2. 
 
Table 4.4. Quantitative calculation of potassium-promoted iron oxide system in H2. 
 α-Fe2O3 
(wt%)
γ-Fe2O3 
(wt%)
Fe3O4 
(wt%)
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%)
At second transition point 
K-Fe2O3 63 5   32
K-Fe2O3 /Ca 60 8   42
K-Fe2O3 /Mo 56 15   29
K-Fe2O3 /Ce 69 5   26
K-Fe2O3 /Ce /Mo 58 11   31
K-Fe2O3 /Ce /Mo /Ca 61 4   35
At the end of experiments 
K-Fe2O3 27 11  14 48
K-Fe2O3 /Ca 32 7  11 50
K-Fe2O3 /Mo 21 10  14 55
K-Fe2O3 /Ce 30 10  13 47
K-Fe2O3 /Ce /Mo 29 8  14 49
K-Fe2O3 /Ce /Mo /Ca 31 8  12 49
 
KFeO2, CaO, K2MoO4, and CeO2 were resistant to H2 reduction. The behavior of 
KFeO2 in H2 had been studied previously [17]. Stabilities of other compounds were 
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reflected by the XRD patterns at the end of the experiments in Fig. 4.5. After the second 
transition point, each model catalyst showed different weight loss rates. Recalling that 
this weight decrease relates to the reduction of iron oxide, the rates reflected their 
stability in H2. From the TG curves, we might conclude that the order of stabilities of 
these samples were K-Fe2O3 /Ce /Mo /Ca > K-Fe2O3 /Ce ≈ K-Fe2O3 /Ca > K-Fe2O3 /Ce 
/Mo > K-Fe2O3 > K-Fe2O3 /Mo. XRD indicated that iron oxide had been reduced 
extensively at this stage. Large levels of iron metal were found in each sample.  
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Fig. 4.5. XRD patterns of CaO, K2MoO4, and CeO2 in H2 at 630ºC for 240 minutes. a: Si, 
b: CaO, c: K2MoO4, d: CeO2. 
 
A large amount of γ-Fe2O3 was still detected in each sample. This was consistent 
with the slow weight decrease as shown in TG curves. Mass transfer limitation might be 
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the issue for intraparticle iron oxide reduction. Examining the weight fraction of α-Fe2O3 
and Fe in each final sample, an overview of the promoter’s effect towards iron oxide 
stability can be established. The lowest α-Fe2O3 fraction and highest iron metal fraction 
in the Mo promoted sample indicated that Mo had an adverse effect on iron oxide 
stability. Both Ce and Ca increased the stability of iron oxide in H2 and hence they might 
be acting as a structure stabilizer. Combination of Mo and Ce made the sample have 
better resistance than sample doping with Mo alone, so the presence of Ce might counter 
balance the effect of Mo. The sample doped with Ce, Ca, and Mo had the best resistance 
to H2. 
 
4.3.3 Isothermal experiments with CO2 
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Fig. 4.6. TG curves for the iron oxide-based materials at 630oC under CO2 environment. 
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CO2 as a poison for potassium-promoted iron oxide catalysts has been widely 
studied [1, 4, 5, 13, 22-24]. It was believed that CO2 could destroy the active phase of the 
catalyst [1]. Previous studies found that CO2 reacting with active KFeO2 at reaction 
temperatures form K2CO3 and K2Fe10O16 phases leading to diminished activity of he 
catalyst [17]. Formation of the potassium polyferrite phase was consistent with Muhler’s 
core-and-shell model [4].  
In the present work, the active phase in all samples was destroyed completely. XRD 
did not detect any crystalline phase of KFeO2. The weight increase of K-Fe2O3 was 
mainly due to the carbonation of potassium by the following reaction  [17]: 
 10KFeO2 + 4CO2 → 4K2CO3 + K2Fe10O16 
 
Table 4.5. Comparisons of theoretical and experimental weight increase for each sample. 
 Experimental Weight Increase 
(wt%) 
Theoretical Weight Increase 
(wt%) 
Pure phases 
CaO 69.5 -
K2MoO4 0 -
CeO2 0 -
KFeO2 12.9 -
Potassium-promoted iron oxide catalyst samples 
K-Fe2O3 5.2 4.8
K-Fe2O3 /Ca 6.8 7.2
K-Fe2O3 /Mo 4.2 4.0
K-Fe2O3 /Ce 5.3 5.0
K-Fe2O3 /Ce /Mo 4.2 4.2
K-Fe2O3 /Ce /Mo /Ca 5.5 6.8
 
Although K2Fe22O34 was not detected, it was suspected that further loss of potassium 
in K2Fe10O16 could lead to K2Fe22O34. Table 4.5 provides a comparison between the 
theoretical weight increase and experimental results. The calculation was based on the 
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weight increase of the potassium-promoted iron oxide sample being the summation of 
each pure phase’s weight increase in CO2 times their weight fraction in the catalyst 
sample. As clearly shown in the Table 4.5, the experimental result for K-Fe2O3 /Ca 
sample was consistent with the theoretical calculation. K2MoO4 and CeO2 were stable in 
CO2, as indicated in Fig. 4.7; hence they did not contribute to the sample weight increase. 
Carbonation of Ca was one of the major reasons for weight increase and the formation of 
CaCO3 was also detected by XRD. For the K-Fe2O3 /Ca sample, the weight increase was 
the combination of K and Ca carbonations. The only divergence of the experimental 
weight increase from the theoretical calculation was for the K-Fe2O3 /Ce /Mo /Ca sample. 
Since doping with Mo did not affect potassium activity, it was then suspected that Mo 
might have an inhibiting effect on the Ca interaction with CO2. 
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Fig. 4.7. CaO, K2MoO4, and CeO2 in CO2 at 630ºC for 240 minutes. a: Si, b: CaCO3, c: 
K2MoO4, d: CeO2. 
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Another possible function of Mo was that when it formed K2MoO4 phase, which was 
stable in CO2, it might actually protect the potassium from being attacked by CO2. As the 
reaction proceeds, potassium could be released from K2MoO4 gradually and subsequently 
form the active phase. Therefore, Mo might be able to enhance the activity of catalyst. 
For the Ca promoter, its ability to absorb CO2 could also protect the active phase and 
hence preserve the activity of the catalyst. 
 
4.3.4 Isothermal experiments with ethylbenzene 
 
0 40 80 120 160 200 240
88
92
96
100
 K-Fe2O3
 K-Fe2O3 /Ca
 K-Fe2O3 /Mo
 K-Fe2O3 /Ce
 K-Fe2O3 /Ce /Mo
 K-Fe2O3 /Ce /Mo /Ca
W
ei
gh
t P
er
ce
nt
 (w
t %
)
Time (min)
 
Fig. 4.8. TG curves for the iron oxide-based materials at 630oC under EB environment. 
 
The real reaction has a much more complicated gas phase than just H2 and CO2. We 
could neglect some minor impacts such as benzene, toluene etc. However, other impacts 
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might not be just ignored. For example, ethylbenzene itself might affect the solid catalyst; 
surface carbon deposition has long been considered as a possible deactivation mechanism. 
Therefore, in this section, we introduced ethylbenzene to study the behavior of different 
samples. In the presence of EB, the dehydrogenation reaction might occur even without 
the presence of steam. This meant the catalyst samples were exposed to a combination 
effect of H2, CO2, surface carbon, and hydrocarbon. 
TG curves were shown in Fig. 4.8. All samples exhibited slower weight decreases 
than in the H2 environment. Weight loss caused by reduction of the iron oxide and weight 
increase caused by surface carbon deposition and K/Ca carbonation seemed to be counter 
balanced. 
 
Table 4.6. Quantitative calculation of potassium-promoted iron oxide system in EB 
 α-Fe2O3 
(wt%)
γ-Fe2O3 
(wt%)
Fe3O4 
(wt%)
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%)
At first transition point 
K-Fe2O3 87   13
K-Fe2O3 /Ca 82   18
K-Fe2O3 /Mo 88   12
K-Fe2O3 /Ce 81   19
K-Fe2O3 /Ce /Mo 95   5
K-Fe2O3 /Ce /Mo /Ca 76   24
At second transition point 
K-Fe2O3 32 15 53  
K-Fe2O3 /Ca 48 11 41  
K-Fe2O3 /Mo 33 4 63  
K-Fe2O3 /Ce 55 45  
K-Fe2O3 /Ce /Mo 24 2 74  
K-Fe2O3 /Ce /Mo /Ca 33 18 49  
At the end of experiments 
K-Fe2O3 7  93 
K-Fe2O3 /Ca 14 41 45 
K-Fe2O3 /Mo 14  86 
K-Fe2O3 /Ce 8 5 54 33 
K-Fe2O3 /Ce /Mo 6 10 56 28 
K-Fe2O3 /Ce /Mo /Ca 30 10  60 
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As in the H2 environment, two transition points were identified for each sample. At the 
first transition point, the fast weight loss was caused by the removal of chemisorbed 
oxygen. XRD showed that no reduction was initiated at this stage yet. However, 
quantitative XRD indicated that a fraction of the active KFeO2 phase had been destroyed 
(Table 4.6). Therefore, the potassium carbonation reaction might be starting from the 
beginning of the experiment. 
At the second transition point, these samples were reduced to a much greater extent 
than in the H2 environment, as wustite already was present at this point. Considering the 
ethylbenzene dehydrogenation reaction: 
 C6H5CH2CH3 ⇌ C6H5CH=CH2 + H2 
one mole of ethylbenzene generates a maximum of one mole of H2. Considering the same 
molar flow rate of H2 and EB, the partial pressure of H2 in the EB experiment would not 
possibly exceed the H2 partial pressure in the H2 experiment. Therefore, deposited surface 
carbon might play a very important role on iron oxide reduction [17].   
Shekhah et al. [25] pointed out that surface carbon was less on unpromoted catalysts 
than potassium-promoted catalysts. Our earlier study also indicated that a more active 
catalyst caused greater surface carbon deposition [17]. In this study, the conversion of EB 
was not performed. Therefore, the amount of surface carbon was used to indicate the 
catalyst activity. The sample doped with Mo seemed to have more activity than the Ce 
and Ca promoted samples. Ca served the role of stabilizing the iron oxide and 
maintaining the activity of the catalyst, so Ca promotion had a moderate impact on iron 
oxide reduction. For the Ce promoter, however, it was hard to tell if it could enhance the 
catalyst activity at this stage.  
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Fig. 4.9. CaO, K2MoO4, and CeO2 in EB at 630ºC for 240 minutes. a: Si, b:CaO, c: 
K2MoO4, d: CeO2, e: CaCO3. 
 
Both K2MoO4 and CeO2 were resistant to EB reduction, since both of them showed 
stability in H2, and CO2. Without the presence of iron oxide, the reaction did not occur or 
have very low rate. This was confirmed by the XRD pattern of CaO in the EB 
environment. CaO was very sensitive to CO2, however, as indicated in Fig. 4.9, the major 
phase was still CaO instead of CaCO3. This result also suggested that the spontaneous 
thermal cracking of ethylbenzene was a slow reaction. KFeO2 was completely destroyed 
in the EB environment indicating large amounts of CO2 existed in the system [17]. 
Therefore, KFeO2 accelerated both the dehydrogenation reaction and surface carbon 
formation. 
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4.3.5 Effect of steam 
Steam is essential for the normal operation of the ethylbenzene dehydrogenation 
reaction system. Without the steam, both H2 and surface carbon would reduce the iron 
oxide extensively to iron metal. In this section, the phase behavior of potassium-
promoted iron oxide samples were studied under the combined effect of steam and H2, 
CO2, or EB. An additional syringe pump was used to flow de-ionized water into the TGA 
furnace. The flow rate was set so that the molar ratio of steam to H2/CO2/EB was 1.70. 
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Fig. 4.10. TG curves for the iron oxide-based materials at 630oC under S/H2 environment. 
 
All the samples had a fast weight loss and reached their steady weight quickly in 
S/H2. XRD analysis of the final samples indicated no reduction at all. Only 
transformation from α-Fe2O3 to γ-Fe2O3 was detected. Therefore, the weight losses were 
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apparently due to chemisorbed oxygen removal. Again the comparison of experimental 
and theoretical weight losses was performed and the results are listed in Table 4.7. 
Similar as the calculation conducted in CO2 section, weight loss of each sample was the 
summation of the pure phase weight loss times their weight fraction in the sample.  
 
Table 4.7. Comparisons of theoretical and experimental weight decrease for each sample. 
 Experimental Weight Decrease 
(wt%) 
Theoretical Weight Decrease 
(wt%) 
Pure phases 
CaO 1.1 -
K2MoO4 1.2 -
CeO2 0.8 -
KFeO2 0.5 -
α-Fe2O3 3.8 -
Potassium-promoted iron oxide catalyst samples 
K-Fe2O3 2.64 2.66
K-Fe2O3 /Ca 2.41 2.55
K-Fe2O3 /Mo 2.66 2.71
K-Fe2O3 /Ce 2.44 2.40
K-Fe2O3 /Ce /Mo 2.53 2.45
K-Fe2O3 /Ce /Mo /Ca 2.00 2.33
 
 Experimental weight losses of the samples except for K-Fe2O3 /Ca and K-Fe2O3 /Ce 
/Mo /Ca were consistent with the theoretical calculations. The K-Fe2O3 /Ca sample had 
less weight loss than the calculated value indicating potentially less chemisorbed oxygen 
in the iron oxide. Tassel et al. [26] successfully synthesized a CaFeO2.5 by calcining 
CaCO3 and Fe2O3 at 1200ºC for 24 hrs. Therefore, Ca might be able to migrate into the 
iron oxide even at 800ºC calcination and hence modify the lattice of part of the iron oxide. 
This part of the iron oxide might lose its ability to bond with excess oxygen and resulted 
in less weight loss under H2. The interaction between Ca and Fe could also explain why 
Ca could stabilize the iron oxide. K-Fe2O3 /Mo had the highest weight loss because some 
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of the potassium reacted with the Mo and left the largest fraction of potassium-free iron 
oxide. For the K-Fe2O3 /Ce /Mo sample, due to the combined effects of reducing the iron 
oxide weight fraction by forming CeO2 and increasing the iron oxide weight fraction by 
forming K2MoO4, its weight loss lay between that of the Mo-promoted and Ce-promoted 
iron oxide samples. Similarly, the discrepancy between experimental and theoretical 
results for the K-Fe2O3 /Ce /Mo /Ca sample might also be caused by less oxygen 
chemisorbed by the iron oxide. 
In the S/CO2 environment, all of the samples had nearly identical behavior as with 
the pure CO2 environment. Steam had no effect on the phase changes of the samples at 
reaction temperature. Therefore, the phase changes in this condition were still due to 
carbonation of the potassium and calcium. 
S/EB experiments were conducted with the most industrial-like conditions despite 
being at a lower steam to ethylbenzene molar ratio. At this ratio, we could possibly be 
examining the combined effect of H2, surface carbon, CO2, and steam. TG curves became 
more complicated because several factors were convoluted together. As shown in Fig. 
4.11, the initial weight loss was related to chemisorbed oxygen removal. The following 
weight increases were caused by potassium and calcium carbonation and possibly surface 
carbon deposition. After about 50 minutes, the weight changes became slow and 
appeared to have a trend towards steady state.  
Two types of reversible processes were possible at this condition: one was the 
reduction of iron oxide by H2 or surface carbon and the reoxidation of the iron oxide by 
steam; the other one was surface carbon deposition due to thermal cracking of 
hydrocarbons and subsequent carbon gasification by steam. Both of these adverse effects 
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to catalyst stability were recovered by steam showing the importance of steam. K-Fe2O3, 
K-Fe2O3 /Ca, and K-Fe2O3 /Ce had similar weight increase, since they had similar KFeO2 
fractions. Both K-Fe2O3 /Mo and K-Fe2O3 /Ce /Mo appeared to consume potassium to 
form K2MoO4 and, therefore, reduced the weight fraction of KFeO2 and leading to less 
weight increase than for the previous three samples. K-Fe2O3 /Ce /Mo /Ca, due to a 
weight increase caused by carbonation of the Ca, had a moderate weight increase. 
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Fig. 4.11. TG curves for the iron oxide-based materials at 630oC under S/EB environment. 
 
XRD indicated that the steam greatly diminished the reduction of the iron oxide. 
None of the samples had been reduced beyond Fe3O4. K-Fe2O3 without other promoters 
had the least reduction. Surface carbon was the main reason causing reduction of iron 
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oxide in the S/EB environment. Fast decomposition of KFeO2 in CO2 made this sample 
inactive and the surface carbon accumulation became slow. In addition, K2CO3 has been 
reported to be the actual catalyst for surface carbon gasification in several studies [1, 6-
10]. In the presence of steam, surface carbon was gasified and hence decrease the extent 
of iron oxide reduction. 
 
Table 4.8. Quantitative calculation of potassium-promoted iron oxide system in S/EB 
 α-Fe2O3 
(wt%)
γ-Fe2O3 
(wt%)
Fe3O4 
(wt%)
FeO 
(wt%) 
Fe 
(wt%) 
KFeO2 
(wt%)
K-Fe2O3 98 2   
K-Fe2O3 /Ca 40 60   
K-Fe2O3 /Mo 84 16   
K-Fe2O3 /Ce 95 5   
K-Fe2O3 /Ce /Mo 93 7   
K-Fe2O3 /Ce /Mo /Ca 97 3   
 
The sample with Ca doping had the greatest iron oxide reduction, as indicated in 
Table 4.8. CO2 absorption competition between CaO and KFeO2 help stabilize the KFeO2 
causing two consequences: greater surface carbon deposition and less K2CO3 for the 
carbon gasification reaction. This combination eventually led to greater iron oxide 
reduction.  
The presence of K2MoO4 and its stability in the EB environment made the Mo 
promoted sample contain less K2CO3 than the K-Fe2O3 sample. Therefore, the activity 
towards surface carbon gasification for the K-Fe2O3 /Mo sample was worse than for the 
K-Fe2O3 sample and consequently led to greater reduction of the iron oxide.  
It was interesting to notice that the Ce promoted sample had a slightly greater 
reduction than the K-Fe2O3 sample. Considering the stabilizing effect of Ce on the iron 
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oxide, we suspect that Ce might also be able to stabilize KFeO2. Therefore, similar with 
Ca, Ce could have dual functions with the iron oxide.  
Since all these three promoters helped to maintain the dehydrogenation activity of 
the catalyst, the K-Fe2O3 /Ce /Me /Ca sample should have the greatest surface carbon 
deposition, which could lead to a greater reduction of the iron oxide. On the contrary, it 
was just a little more reduced than the K-Fe2O3 sample. Therefore, the interaction 
between Ca and Mo might occur and slightly diminish the sample activity.  
 
4.4 Conclusions 
Phase changes of Ca, Mo, and Ce promoted K-Fe2O3 samples in H2, CO2, EB, and 
steam were studied extensively using TGA and XRD analysis. The effects of the different 
promoters on the stability and the activity of catalyst were also extracted. 
When Ca was present with K-Fe2O3, the CaO phase was formed during the 
calcination step. It could efficiently absorb CO2 and, therefore, reduce the decomposition 
of KFeO2. Hence, it could enhance the catalyst activity. In addition, H2 experiments 
showed that it could also increase the stability of the iron oxide. This might be realized 
by its incorporation into the iron oxide matrix thereby changing the lattice structure of the 
iron oxide. Mo formed the K2MoO4 phase, which could be considered as preserving 
potassium ions. Adverse effect of the Mo was that it might damage the CO2 adsorption 
ability of Ca.  Therefore, it might have an adverse effect on KFeO2 stability causing 
reduced catalyst activity. Similar to Ca, Ce also seemed to have two roles. Since it didn’t 
interact with the other elements, it could be an ideal promoter for potassium-promoted 
iron oxide catalysts. The results for the sample promoted with Ca, Ce, and Mo was more 
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complicated. All three minor promoters could raise the catalyst activity, which meant 
more surface carbon would deposit on the catalyst. As we discussed previously, more 
surface carbon caused greater reduction of iron oxide. However, both Ca and Ce had 
structure stabilizing effects on iron oxide. The convolution of these two effects made it 
difficult to explain the stability of the K-Fe2O3 /Ce /Mo /Ca sample in S/EB environment. 
Hence, it would be very helpful to perform the probing experiments on Ca plus Mo 
promoted and Ce plus Ca promoted K-Fe2O3 samples. 
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CHAPTER 5 
General Conclusions and Future Work 
 
5.1 General conclusions 
The focus of this study was to investigate the phase behavior of potassium-promoted 
iron oxide catalyst system under reaction relevant conditions to aid in the development of 
catalysts capable of lower S/EB molar ratio operation. Effects of different minor 
promoters including Cr, V, Ce, Mo, and Ca on catalyst activity and stability were also 
studied. Due to the complexity of the reaction system, experiments started from the 
simplest gas phase condition with H2 and CO2 followed by the more complicated 
condition with EB. Steam was introduced thereafter. Experiments were carried out in 
TGA, which was used to monitor the sample weight changes during reaction. Crystalline 
phases were characterized by XRD and quantitative calculations were also performed. 
The stability of each sample was reflected by the H2 and S/H2 experiments without 
other influences such as surface carbon. Faster weight loss in H2 led to the conclusion of 
less stable sample. All samples obtained extensive reduction in H2 and no reduction in 
S/H2=1.70. The only exception was the K-Fe2O3 /V sample, which was reduced at S/H2 
environment. EB and S/EB could be efficiently used to understand the activity of the 
samples. In an EB environment, more active catalyst caused more surface carbon 
deposition since there is no steam for the carbon gasification reaction. The conclusion 
could be drawn that deposited surface carbon was a stronger reductant than H2 by 
comparing results of the H2 and EB experiments. Therefore, more active catalytic 
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material would be more reduced in EB. In S/EB, with the formation of CO2, the KFeO2 
phase became vulnerable.  CO2 and S/CO2 were used to investigate poisonous effect of 
CO2 on the catalyst, mainly on the K and Ca promoters. 
 When iron oxide was promoted with K alone, KFeO2 formed during the 800ºC 
calcination. If calcined at 1100ºC, a mixture of K2Fe10O16/K2Fe22O34 was then formed. 
Muhler et al. [1] proposed that K2Fe22O34 was present in the core of catalyst together with 
Fe3O4. Although pure K2Fe22O34 was not successfully synthesized, the presence of the 
mixture indicated that further loss of K from K2Fe10O16 might result in the K2Fe22O34 
phase. A model was built to describe the phase changes in this potassium-promoted iron 
oxide sample. Interesting relations between KFeO2 and K2Fe10O16 were found. The active 
phase KFeO2 was highly resistant to H2 reduction, but was easily decomposed by CO2, 
which had been described as a catalyst poison by Hirano [2]. As the result of this 
carbonation reaction, a K2Fe10O36 phase formed. This potassium polyferrite phase was 
stable in CO2, but was decomposed by H2 and return to KFeO2 and iron oxide. Therefore, 
these two potassium ferrite phases could transform to each other reversiblly. However, 
with loss of K+ ions and reduction of iron oxide, this route might finally be terminated 
and the catalyst would then need to be changed. 
Cr has long been considered as a structure stabilizer in the catalyst system [3-5]. 
K2CrO4 formed during calcinations when Cr was doped into the K-Fe2O3 sample. TG 
curves indicated that the Cr promoted K-Fe2O3 sample had much better resistance to H2 
reduction. In EB, a large amount of surface carbon was deposited indicating its activity. 
In addition, K2CrO4 was stable in CO2 and was able to be reduced more slowly in the 
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presence of H2/surface carbon and this feature made it a better potassium preserver. 
Muhler et al. [1] also reported that Cr was present in the fresh sample as Cr6+ and in used 
sample as Cr3+. Cr3+could incorporate into the iron oxide matrix and change its lattice 
structure inhibiting the reduction of iron oxide. Therefore, Cr might be able to enhance 
stability and activity of iron oxide at the same time. V was a notorious structure stability 
destroyer. Our study found that it formed KVO3 in the fresh sample. None of the active 
phase was found in the fresh sample or used sample when V was present. It seemed the 
presence of this promoter actually inhibited the formation of the active phase and hence 
greatly reduced the activity of the catalyst. We did not directly know its effect toward 
styrene selectivity, however, Lee’s [3] results showed selectivity dropped when 
conversion increased, which might lead to the conclusion that V had good selectivity 
towards styrene. 
CaO, K2MoO4, and CeO2 were the existing forms of minor promoters in K-Fe2O3 
when these minor promoters were doped individually. Although Ca and Mo could react 
with each other and form CaMoO4, the presence of K made it impossible to form this 
phase in the catalyst. Both Ce and Ca had positive effect on iron oxide stability, but Mo 
had an adverse effect on stability of the iron oxide. Ca and Mo could efficiently increase 
catalyst activity through different ways: Ca helped to maintain the activity by absorbing 
the CO2; while Mo did this by forming K2MoO4 to preserve the potassium ions and 
therefore enhance the activity of catalyst. Later experiments with S/EB indicated that Ce 
might also have some activity enhancement. Therefore, all of these three samples could 
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enhance activity despite Mo damaging the stability of the catalyst. Ce didn’t interact with 
the other promoters, so it could be safely used as structure/activity promoters. 
Based on the results discussed above, promoters which are capable of CO2 
absorption might be used to enhance the catalyst activity. For example, Kato et al. [6] 
found that several lithium containing oxides including Li2ZrO3 and Li4SiO4 could absorb 
CO2 at 700°C. Therefore, it is worth to investigate their effect on catalyst activity. In 
addition, as discussed in this study, Cr and Mo could react with K and form a phase 
resistant to CO2. So, another type of promoters could be chosen from transition metals 
which could form CO2 resistance phase. Possible candidates include Ti, Mn, and Nb etc. 
Promoters for the catalyst stability enhancement are more difficult to choose. Cr and Ca 
seemed to be able to penetrate into iron oxide matrix and therefore enhance its stability 
towards reduction. As reported by Hirano [7], catalyst promoted with magnesium (Mg) 
showed high stability and activity at S/EB molar ratio 6. Therefore, it might be useful to 
study the catalyst doping with Mg by TGA/XRD probing method.    
 
5.2 Future Work 
As mentioned in Chapter 4, both Mo and Ca had activity enhancement for 
potassium-promoted iron oxide samples when they were present in sample individually. 
However, when Mo and Ca were present at the same time, the catalyst appeared to have 
some activity loss. Current evidence was indirect since the only sample contained Mo and 
Ca was the K-Fe2O3 /Ce /Mo /Ca. More solid evidence could be collected by using the 
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same probing technique to study a K-Fe2O3 /Mo /Ca sample and compare its stability and 
activity with other samples. 
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Fig. 5.1. Conversion of ethylbenzene catalyzed by Cr/V promoted catalyst [8, 9]. 
 
A microreactor test of activities of K-Fe2O3 /Cr and K-Fe2O3 /V was performed by 
Nedela [8, 9], as indicated in Fig. 5.1. The results of the stabilities and activities of these 
two model catalysts were consistent with our results on effects of Cr and V, as 
extensively described in Chapter 3. So, further microreactor tests could be conducted 
with the model samples used in Chapter 4 to verify their actual effects upon catalyst. If 
the correlations between microreactor tests and our TGA/XRD studies could be 
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established, this low cost TGA/XRD study might be used as a probe technique for 
selecting capable promoters before running the expensive microreactor tests.   
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APPENDIX A 
Molecular Weight of Compounds (g/mol) 
 
K2CO3 138.2055
K2CO3·1.5H2O 156.2208
CaCO3 100.0707
Fe2O3 159.6882
KFeO2 126.9421
K2Fe10O16 892.6370
K2Fe22O34 1850.7662
Cr2O3 151.9904
K2CrO4 194.1903
V2O5 181.8800
KVO3 138.0380
MoO3 143.9582
K2MoO4 238.136
Ce2(CO3)3·8H2O 604.3824
CaMoO4 200.0356
Ca2Fe2O5 271.843
CeO2 172.1088
CaO 56.0612
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APPENDIX B 
XRD PDF Card Index 
 
α-Fe2O3 33-664 
γ-Fe2O3 39-1346 
Fe3O4 19-629 
FeO 6-615 
Fe 6-696 
K2CO3 16-0820 
K2CO3·1.5H2O 11-655 
Cr2O3 38-1479 
V2O5 52-794 
CaCO3 47-1743 
MoO3 5-0508 
Ce2(CO3)3·8H2O 38-0377 
KFeO2 26-1319 
K2Fe10O16 40-135 
K2Fe22O34 31-1034 
K2CrO4 15-0365 
KVO3 33-1052 
K2MoO4 29-1021 
CeO2C2 44-398 
CaMoO4 29-351 
Ca2Fe2O5 47-1744 
CeO2 34-0394 
CaO 37-1497 
Ca(OH)2 44-1481 
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APPENDIX C 
TG Curves for Potassium-Promoted Iron Oxide Catalyst System 
0 40 80 120 160 200 240
-0.10
-0.05
0.00
0.05
0.10
Sa
m
pl
e 
W
ei
gh
t (
m
g)
Time (min)
 S/EB=3.74
 S/EB=1.70
 S/EB=0.68
 S/EB=0.41
 
Fig. C.1. TG curves for empty sample pan in different S/EB molar ratio. 
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Fig. C.2. TG curves for α-Fe2O3, KFeO2, K2Fe10O16/K2Fe22O34 mixture and K-Fe2O3 
samples in S/CO2 at 630ºC. 
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Fig. C.3. TG curves for Κ-Fe2O3, K-Fe2O3 /Cr, K-Fe2O3 /V, K2CrO4, and KVO3 samples 
in S/CO2 at 630ºC. 
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Fig. C.4. TG curves for CaO, K2MoO4, and CeO2 samples in CO2 at 630ºC. 
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Fig. C.5. TG curves for CaO, K2MoO4, and CeO2 samples in EB at 630ºC. 
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Fig. C.6. TG curves for CaO, K2MoO4, and CeO2 samples in S/H2 at 630ºC. 
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Fig. C.7. TG curves for Κ-Fe2O3, K-Fe2O3 /Ca, K-Fe2O3 /Mo, K-Fe2O3 /Ce, K-Fe2O3 /Ce 
/Mo, and K-Fe2O3 /Ce /Mo /Ca samples in S/CO2 at 630ºC. 
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Fig. C.8. TG curves for CaO, K2MoO4, and CeO2 samples in S/CO2 at 630ºC. 
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Fig. C.9. TG curves for CaO, K2MoO4, and CeO2 samples in S/CO2 at 630ºC. 
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APPENDIX D 
XRD Patterns for Potassium-Promoted Iron Oxide Catalyst System 
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Fig. D.1. α-Fe2O3 (hematite) 
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Fig. D.2. γ-Fe2O3 (maghemite) 
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Fig. D.3. Fe3O4 (magnetite) 
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Fig. D.4. FeO (wustite) 
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Fig. D.5. Fe (iron metal) 
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Fig. D.6. K2CO3 (potassium carbonate) 
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Fig. D.7. Cr2O3 (chromium oxide) 
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Fig. D.8. V2O5 (vanadium pentoxide) 
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Fig. D.9. K2CrO4 (potassium chromate) 
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Fig. D.10. KVO3 (potassium metavanadate) 
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Fig. D.11. CaCO3 (calcium carbonate) 
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Fig. D.12. MoO3 (molybdic oxide) 
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Fig. D.13. Ce2(CO3)3·8H2O (cerium carbonate hydrate) 
 
25 30 35 40 45 50
0
500
1000
1500
2000
1: Si
2: α-Fe2O3
3: KFeO2
3
2
2
2
2 1
In
te
ns
ity
 (c
ou
nt
)
2-Theta (degree)
1
 
Fig. D.14. K-Fe2O3 fresh sample 
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Fig. D.15. KFeO2 fresh sample 
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Fig. D.16. K2Fe10O16/K2Fe22O34 mixture 
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Fig. D.17. CaMoO4 (calcium molybdate) 
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Fig. D.18. α-Fe2O3 in H2 at 630ºC. a: Si; b: α-Fe2O3; c: γ-Fe2O3; d: Fe3O4; e: FeO; f: Fe 
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Fig. D.19. α-Fe2O3 in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3. 
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Fig. D.20. α-Fe2O3 in EB at 630ºC. a: Si; b: α-Fe2O3; c: γ-Fe2O3; d: Fe3O4; e: FeO; f: Fe 
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Fig. D.21. α-Fe2O3 in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; 
c: γ-Fe2O3; d: Fe3O4 
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Fig. D.22. KFeO2 in H2 at 630ºC for 240 minutes. a: Si; b: KFeO2; 
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Fig. D.23. KFeO2 in EB at 630ºC. a: Si; b: γ-Fe2O3; c: Fe3O4; d: FeO; e: Fe; f: K2CO3 
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Fig. D.24. KFeO2 in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: KFeO2; c: 
K2CO3·1.5H2O; d: K2Fe10O16; e: γ-Fe2O3; f: Fe3O4 
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Fig. D.25. K2Fe10O16/K2Fe22O34 in H2 at 630ºC. a: Si; b: γ-Fe2O3; c:KFeO2; d: Fe3O4; e: 
FeO; f: Fe 
118 
 
25 30 35 40 45 50
0
400
800
600
1200
1000
2000
c b
b a
a
a
2-Theta (degree)
 First transit point
b,db,d e
b,d
a
In
te
ns
ity
 (c
ou
nt
)
 Second transit point
b,db,d
f
b
a
 End of experiment
a
 
Fig. D.26. K2Fe10O16/K2Fe22O34 in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2; d: Fe3O4; e: 
FeO; f: Fe 
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Fig. D.27. K2Fe10O16/K2Fe22O34 in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; 
b: γ-Fe2O3; c: KFeO2; d: K2Fe10O16; e: K2Fe22O34; f: Fe3O4 
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Fig. D.28. K-Fe2O3 in H2 at 630ºC. a: Si; b: γ-Fe2O3; c KFeO2; d: Fe3O4; e: Fe 
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Fig. D.29. K-Fe2O3 in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: K2CO3·1.5H2O 
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Fig. D.30. K-Fe2O3 in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2; d: Fe3O4; e: FeO; f: Fe 
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Fig. D.31. K-Fe2O3 in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-Fe2O3; 
c: KFeO2; d: α-Fe2O3; e: K2CO3·1.5H2O; f: Fe3O4 
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Fig. D.32. K-Fe2O3 /Cr in H2 at 630ºC. a: Si; b: γ-Fe2O3; c KFeO2; d: Fe 
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Fig. D.33. K-Fe2O3 /Cr in EB at 630ºC. a: Si; b: γ-Fe2O3; c: Fe3O4; d: FeO; e: Fe 
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Fig. D.34. K-Fe2O3 /Cr in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-
Fe2O3; c: KFeO2; d: α-Fe2O3; e: K2CrO4 
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Fig. D.35. K-Fe2O3 /V in H2 at 630ºC. a: Si; b: γ-Fe2O3; c Fe3O4; d: Fe 
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Fig. D.36. K-Fe2O3 /V in EB at 630ºC. a: Si; b: γ-Fe2O3; c: Fe3O4; d: FeO; e: Fe 
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Fig. D.37. K-Fe2O3 /V in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-
Fe2O3; c: α-Fe2O3; d: Fe3O4 e: KVO3 
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Fig. D.38. K2CrO4 in CO2 at 630ºC for 240 minutes. a: Si; b: K2CrO4 
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Fig. D.39. K2CrO4 in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: K2CrO4; 
c: K2CO3·1.5H2O 
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Fig. D.40. K-Fe2O3 /Ca in H2 at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d Fe3O4; e: Fe 
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Fig. D.41. K-Fe2O3 /Ca in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: 
K2CO3·1.5H2O 
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Fig. D.42. K-Fe2O3 /Ca in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d: Fe3O4; e: FeO; f: 
Fe 
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Fig. D.43. K-Fe2O3 /Ca in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-
Fe2O3; c: KFeO2 d: α-Fe2O3; e: Fe3O4 
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Fig. D.44. K-Fe2O3 /Mo in H2 at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d Fe3O4; e: Fe 
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Fig. D.45. K-Fe2O3 /Mo in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: 
K2CO3·1.5H2O 
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Fig. D.46. K-Fe2O3 /Mo in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d: Fe3O4; e: FeO; f: 
Fe 
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Fig. D.47. K-Fe2O3 /Mo in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-
Fe2O3; c: KFeO2 d: α-Fe2O3; e: Fe3O4 
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Fig. D.48. K-Fe2O3 /Ce in H2 at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d Fe3O4; e: Fe 
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Fig. D.49. K-Fe2O3 /Ce in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: 
K2CO3·1.5H2O 
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Fig. D.50. K-Fe2O3 /Ce in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d: Fe3O4; e: FeO; f: 
Fe 
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Fig. D.51. K-Fe2O3 /Ce in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: γ-
Fe2O3; c: KFeO2 d: α-Fe2O3; e: Fe3O4 
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Fig. D.52. K-Fe2O3 /Ce /Mo in H2 at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d Fe3O4; e: Fe 
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Fig. D.53. K-Fe2O3 /Ce /Mo in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: 
K2CO3·1.5H2O 
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Fig. D.54. K-Fe2O3 /Ce /Mo in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d: Fe3O4; e: FeO; 
f: Fe 
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Fig. D.55. K-Fe2O3 /Ce /Mo in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: Si; b: 
γ-Fe2O3; c: KFeO2 d: α-Fe2O3; e: Fe3O4 
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Fig. D.56. K-Fe2O3 /Ce /Mo /Ca in H2 at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d Fe3O4; e: 
Fe 
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Fig. D.57. K-Fe2O3 /Ce /Mo /Ca in CO2 at 630ºC for 240 minutes. a: Si; b: α-Fe2O3; c: 
K2CO3·1.5H2O 
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Fig. D.58. K-Fe2O3 /Ce /Mo /Ca in EB at 630ºC. a: Si; b: γ-Fe2O3; c: KFeO2 d: Fe3O4; e: 
FeO; f: Fe 
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Fig. D.59. K-Fe2O3 /Ce /Mo /Ca in S/H2, S/CO2, and S/EB at 630ºC for 240 minutes. a: 
Si; b: γ-Fe2O3; c: KFeO2 d: α-Fe2O3; e: Fe3O4 
